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smMARY

.

An erperlmentaltedmlque has been developed.bymeans of which
the variablesaffectingthe tdme elementin the detonatiohprooem
ina spark-lgnltlonenglnecanbe oontrolMd d approximately
measured. It is shownthat increas~ the rate of ocmrpresaion
of the unburnedchargeallowshi@mr peak pressuresto be used.
The Importanceof the ignltiondelayIs demonstratedby observing
thatpressure~ temperatureoonslderationsare Insuffiolerrtto
describecmpletely the eventsleadingto detonation.The effeot
of varlatlonin the the elementon the maximumpermissiblepres-
sure,the temperature,and the relativedensityof the last part
of the chargeto burn has been detemined. Certainaspectsof
ignitiondelayand the meohanlsmof nomal ati detonatingcmQ-
bustim ~e dlscuesedon the basisof chain-reaotlontheory.
Suggestionsme ofl%redfor a more satisfactorybasisof oom-
parlsonfor detonationdata. A discussionof the preoisionof
variousmethodsof determiningthe pressureand temperatureof
the unburnedchargeIs Included. On the basisof Information
d experiencegained
“eqerhnentalapproach

in
tc

this Invostigatlon,a mw and simplified
the detonatIon problemis outllned.

--ION”

The factthatdetonation.or booking, In the msol~ engine
is a functionof mom thana dozenoperat-& variablesemd occks
with explosiverapidityexplainswhy the developmentof a consisteni
theoryhas been sucha longand tediousprocess. Fifteenyearsago
therewere at leasteightmore or lessplausibleexplanationsof
the phencxnenon(referquce1). The existenceof so many hypotheses
was a directconsequenceof the difficultyof obsemr~ tit ms
actuallyhappeningInsidothe enghe cyllnderand measuringthe
effects.
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The firstof thesedifficultieswas overcmmsin 1931when
Withruwand Boyd (referenoe2) suooeededin photographingthe
prooessof cmbustlon in an aotualengine. This teohdque was
extendedby Wlthrowand Rassweller(referenoe3) to Inoludephoto-
graphic”studiesof detonatingccmk-ust~on. Thesephotographsshowed
that detonationwas the resultof a reaotionwhlohtookplaoe In
the unburnedohargeahead of the normalflamefrontad was not,
as kd been supposedby acme,an ertremelyrapidaccelerationof
tileno-l flameIn the laterstagesof oanbustlon.

Attentionwae then focusedon the autolgnlttonhypothesi8
of detonation.This hypothesiswas J’lrstadvanoedby Rioardo
(referenoe4), who suggestedthat detonationml@t be spontaneous
ignitionof the unburnedpart of tho ohargeaheadof the normal.
flamefront. This explanationfailedto showwhy kerosene,with
a higher@ltlon temperaturethan oarbondisulflde,detonated
more readilyin a givenengine. A satisfactoryexplanationof
this apparentoontradlotlonwas presentedin 1935by one of the
authors(referenoe5) who, basinghfs reasoning.largelyon the
experhentalwork of T+rd and Pye (reference6), shuwpdthat
no oontradiotlonneed existIf it is assmed that detonation
will oocuronlywhen the unburnedpart of the ahargeIs heated”
to, or above,.its lgnltiontemperature&nd held therefor a
deflnltelengthof time. This time intervalIs knownas the
&nition delay.

The autoignltlonhypothesisis a purelyphysicalinter-
pretationof detonationand has tho savinggrace of simplicity.
Throughits use det-tlon my be thoughtof, not as a function
of a dozenor more engineconditions,but ratherin termsof
the threefundamentalvari~bles: pressure,temperature,and
the. This hypothesisIs perhapsths onemoot generaUy acoepted
at the Presenttime. The difficultyof oheckingIt quantitatively
stillinvolvesthe problemof acouratemeasurements;althoughthe
task is not so formidableas when the hypct.hesimwas firstadvanoed. .
The developmentof the high-speedengineIndtoabor,the oathode-ray
osclllogmph,and high-speedphotographc and stroboscopictechnique,
as well as tho avallabilIty of more hcnnogeneousfuels,has brought
veri?ioationof the hypothesiswithinths scopeof refinedaqperi-
nmntalteohnique.

The rapidlyvaryingpressuresIn a high-speedmglno oyllnder
now om be measuredwith fairaccumoy. There Is no meansnow
availablej however)formeasuringdirectlythe rapidlyvarying
temperatureof the unburnedpart of the ohargeand hencethis
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fundamentalvIMiableoan, at.present,be Investigatedonlyby
means of thermodynamiclaws. An investigationof the prsoision
of thisq@hod, given@ appendl.xA, idlloatesthatthe tempem-
ture so dstezmdnedshouldbe reasonablycloseto the truevelue.

~ At the presentwrltlng,the effeotof end gas (the’~ of
the ohargeaheadof the flemefront),temperature,and preaeuz%
on detonatIon haEIbeen “InvestIgatederpeqlmentallyby Serruys
(reference7),Rothrcmkad Blermanu(refereme 8), ad We
authorsand Diver (referenoe9). The thirdbasicvariable,time,
whloh la the most elusiveaspectof the probl~, is the aub~eot
of the presentreport. The ~blem to
by fourdiatinoteffeote:

1. The timeduringwhiohheat is
tm unburnedoharge

2. The speedat whlohthe no-
combuetIon ohember

be dimu&md IS oomplioated

transferr& to or fia

flametraveraeOthe

3. The motionof tne ptston

4. The ignition delay

It is generallyreoognlzedthatthe flretthreeof the effeote
Meted Influenoeenginedetonationelthordirectlyor Mireotly
to a largoertent,but the elgnlfIcanceof the fourtheffeet Is
oftenquestioned. The effectof manJ enginev@ables on detona-
tion - f~e~.air~tio, for instance- oan bo determined~erl-
mentallywithoutrecognizingthatdelayexists(mf eronoe9).
Here tho analyslsoan be treatedsolelyby means of temperature-
premw.zreconslderatIons. This treatmenthas been in ~eneraluse
In the past,aml,as a result,the delayha~ been aaemnedby acuw
to have nogligibleInfluorme,It Is shownin thisreport,however,
that lar8eohangesin end-gaspressure,temperature,and density
for a givenlevelof detonationoannotho acoountedforwithout
the,suppositionof an I@tion delay.

The ohlefohallengeto the autoignltionhypothesisoomes
f!rom”reoentwork (refmenoos10, U, and 12). This work 1s based
on sohlierenphotographs“adlmotionpioturesof the ocmbuetlon
processh a apeoialcyltioro The photographsof referencesU
and 12 were takenat the rato of 40,000framesper mood. These “
photographshave been Interpretedto IruMoatethat dotonatlonmy
ooouronlyafterthe ont~ oharguhas been IMlamed, eitherby

.
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passageof the flamefkwntor by mtolgnltlon. The authorsof
the presentpaperbelievethatthis Interpretationmy prove
eventuallyto be erroneous,for reasms explainedIn appendixB.
M case,huw-er, it la fimlly establishedthat the flamedoes
Itieedpass completelythroughthe ckrge beforedetonation,the
autolgnltlonhypothesismay have to be modified. For the present,
the authorsof this reportpreferto retainthe autoignltion
hypotheslefor the followlngreasons:

(a)The autoignitionhypothesis”fitsall knmm
observationswith re~ to detorddon In
an actualengine.

(b)The autolguitlonhypothesisfurnishesa simple
and convincingexplanationof the experhen-
tal factsrevealedIn the presentreport.

(c) If, at a laterdate,the autolgnitlontheory
should be definltelydisproved,the baslo
conclusionexrivedat In thisreport- namely,
that there is an hrpmtant time etfeotcon-
nectedwith the pmoees of detonation- would
not be affected.

The authorswleh to aobowled&e theirappreciationfen?the
asslstanoerenderedby ProfessorC. F. Wylor in s~stlng helpful
experimentalapproachesto the poblm and for his invaluable
critioianof the manuscript. The authorsare also indebtedto
ProfessorA, R. Rogowski,J. R. Diver,and J. E. Forbesof the
SloanLaboratorystafffor theirkindassistanceduzzlngthe experi-
mentaltests. The suggestionsof the NACA technicalstaffwere
also of considerableassistancein preparingthe manueoript.

DISCRETION OF APPARATUH

A photographd a schmnatic diagramof the apparatusare
shownin figures1 and 2. The apparatuswas the sameas that
usedat the lkssachusettsInstituteof Technologyin an earlier
Investigution of detonation(reference9), exoeptas follows:

The enginewas a new (2IRenginewith high-speedcsmshafi
snd alunlnumpistonbut withoutthe reciprocatingbalanoing
weightsusuaUy supplied. Theseweightswere unnecessarybecause
the enginewas boltedto a 9.5-tonbed platemountedon r~bber
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vibrationisolators.The enginewas originallyequippedwith a
standardhi@- speedinletvalve,but with this valvedetonation
WELSvery ~rm at sill.apmls. A shrouded$nletvalvewas
then inetaUed and exmllent umlformitywas obtained. This ml-
formltyseemedto be at its best when the en&inespeedw about
1200 rp and the sparkadvanceshout30° B.T.C. Met tempera-
turehad ho appuwnt effeoton uniformityin the mnge fia 120°F
to 2000F.

The evaporativecoolfngsystemvas a~ented by an electrically
drivenoiroulatorpump in order to obtaina more unlfom tempera-
ture.dlstributlonthroughoutthe oylitierJaoket. Fuel vaa
dellveredto a vaporizingtank of about15 gallonsoapaoltyby a
new high-speedBosohfuelpump,havinga 7-mllMmeterplunger.
An exhaustsurgetank of about8.5 gallonscapaoitywas used.

The eractenginesped was oonvenlentlyidentifiedby painting
36 equallyspacedradiallineson the rim of the flywheelard
illuminatIng It with a strobotaooperati~ on 60-oyolefrequenoy.
At multiplesof 10C rpn the patternappearedstatlo~, showing
the marks clearly;whileat multiplesof SO rpu the statiomu’y
effeotwas obtainedwith 72 marks showing. Best Perfmwme was
obtainedat 800 rpu with a Championsparkpl~ No. 8 CFR and at
1600and 24oOrp witha ~ 3B2 sparkplug.

The runs beingtie durl~ hot weather,the entirefuel
systemwms kept urdera -e pressureof about 24 poundsper
squareinch. This precautioninsuredfreedomfromvapor-lock
troublesand made oparatIon of the fuelpump reliable.

Fuel measuranontsweremade by weighinga definiteamount
of fuelwith a sensitivebalance. The balancewas so arranged.
that it operateda eleotrlcreleywhiohactuatedan eleotrio
olockand an electrlooounteron the air meter. The sensitivity
of the balanoewas about1 pa% in 2000. With this devioefuel-
air ratIos oouldbe aocurate~ determinedwithoutpersonalerrors.
A rotameterwas usedas a oheokon the oonstancyof fuel flow.
A diagzmuof the fuel systm is shornin figure3 aml a ocmplete
desorl@lon of the systemis givenin appendixC.

An eleotrioalJ.ydrivenRootsblowerwas usedto supplythe
additionalboostneededat high speeds. A F’ordModelA radiatcm
Imersed in a tank of runuingvaterprovedvery aatisfaot~ as
au Intercooler.The tempemture varlatlonof the air leaving
the Interooolerdid not vary by more than 20 F in any @ven series
of runs re~less of the boostpressure.
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The fuel-airmixing
modifiedby chaging the
to 7/8 inoh00 as not to

valve (seersferenoe9, fig. 6) was
sizeof the m5xingoriffoefhm 1/2
oauseunneoeasaryrestrictionat high

speed ad it was then foundto work satisfactorilyat all speeds.

As far as practicable,rubberhose ard flexibleJointswere
avcidedin the Inletsystmnbetweenthe air meterand tie engine.
Conwotionsweremade rigidand airtighteitherwith threaded
pipe f’lttlngsor flangesand gaskets. The connectionbetween
the vaporizingtankand the enginewas a piece of flangedbrass
pipe. This ~~nt tie it neces- that t~ tankbe free
to move up and down with the cylider head as the ocanpresslon
ratiowas ~arled. The tank was thereforemountedon springs
and ns so ad@sted that no load tis on the Inletpipe at the
mean positionof the cylinderhead. It was alsonecessaryto
sqport the heaterand the dryingtoweron springsbeoaueethey
were rigidlyconneotedto eaoh otherand to the vaporizingtank.

Em?m4EmAL HwcEmKE

The experimentalprogramwas deslgpedto providea means of
demonstrating,for the easeof Znoipienzdetonation,the effeot
of ohangesin the rate of compressionof the unburnedohargeon
Itnmxfmwn pemnisslblepressure. In thiswork meximumpezmls-
slblepresswe was definedas the pressureof the unbwned part
of the olumgeat the Instantwhen incipientdeto.nation ocmzrs.
In most of the runs-hum permissiblepressurewas coincident
with peakpressure,but in sane oases,especiallywhere ccuubustlon
was completedbeforetop center, maximumpermissiblepressurewas
lowerthanpeak pressure,slso, It was asswmd that the pressurs
of the unburnedohargefrom inlet-valveC1OSing to the hstant
of detoaatIon was the pressuregivenby the Indioatordiagram.

The pressure-tlms curve was of parthal.arImportancein
this in’mstlgation. By a comparisoncf pressure-thuspaths
a~sociated with oonstantincipientdetonationundervsrlous
engineoperatingcomlitions,the relationbetweenignition
delayand rate of compressioncan be established.The experi-
mentalwork thereforewas amanged to give lndioatordiagrams
of variousshapesunderrigidlycontrolledoperatingcondltIons.

The shapeof the compressionpath can be alteredby changing
operatingvariables,suohas inletpressure,enginespeed,fuel-
air ratio,and so forth;but, in orderto stm time effeots,it
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was founddesirableto ohangethe shapeby varyIng &ly spark
advanoe W oompresslon ratioat a givenenginespeed. A ohange
In sparkadvanae oauees peakpressureto ocmr earlle~or later

-.. -- .b the-oyole(see fi~s.~, !5,&nd 6) ti-’tiesult’s”‘~ri“Roknga h
det-tlon intensity.If the oqesslon ratio is ad~uetedto
~~e the originallntensltyof detonation,it oan be statedthat
the permissibleohangein ocunpressionratio (ormaxlmmnpressure)
is aseooiatedwith the &an@ in the path of ocmqmession.

Runs weremade withvaryingsparkadvanceat threedifferent
(oonetant) enginespeeds. In eaohrun, compressionmtio was
ad@sted to give inoiplentdettonation. The variablesheld cmnstant
for all runswere: air consumptIon per oyole,fuel ooneumption
per oycle,Inlet-airhumidlty, and ooolanttemperatures.The
enginewas warmedup for abouttwb hoursbeforemakingrune,
duringwMoh t~ the Inletpressurewas variedby trielto give
the correotalr consumption:the fuel-alrratiowas adJueted,
and temperatureequllibrimwas established,Incipientdetona-
tion was Identifiedby obse.ming the dp/dt”(rateof ohangeof

~ pressure)traceon a oathode-rayosolllographwith the came
agat us md by the samemethodueed In referenoe9.

Alr ooneumption wasmintaimd at 0.000932poundof dry alr
per oyoleeitherby throttlingor by superohar@ng. The miation
frcmthis value in 9S pezzoentof the rune was lessthan1 peroent
and the maximumvariationwas 2.5 percent. The residualgas
contentverledfrm 4 to 7.5 percent. The totalwei@t of olwm~
(ah + fuel+ residualgas)per cyclewas maintainedat
0.001065~ 0.000025poundor a maximunvariationof lessthan
2.5 peroentfor all rune;althoughthe maximum”variationIn this
quantIty :or rune selectedfor analysiswas lees than 2 peroent.
The fuel-ah ratiowas maintainedat (?.0769 with a variationof
less than 1 pei%entIn 9~ peroentof the runs and a maximum
variatIon cf 2;2 percent. Z$nglnespeedwas malntati within
2 rp of the desiredvalue,and inlettemperatureswereheld to
wlthln1° F. The effemtof atmospherichmuldltywas ellminat&l
by the use of a diningtowerusl& aptlvatedalumina. (Seeappen- -
dix A of referenoe9.) Checkson the dew point of the Inletair
weremade for eaoh run and,althoughthis valuewas probablyin
the neighborhoodof -600F, no attemptwas made to dete- It .
preolsely.As longas the dew pointwas below -40°F, it was
consideredaatiafaotory,slnoea dew pointof -400F oorreepords
to a water-vaporcontentof about1 percentof the watervapor
in the residualgases. The coolanttemperatureyas.qaint@ned
at 212°F. ...

-.
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When op&ating conditionswere broughtto e@llbrlum at the
dedred values,the sparkadvancew= Bet at tti ~ltiuu at ~~-ch .
unifozmdetonatIon covldbe maintained,and the canpresaionrat10
was vmled unt11 Incipientdetonationwas obsemed on the cathode-...
ray oscillograph.The sparkadvancewas then Increasedby suit-
able incrementsend the ccunp~esslonratiowas successivelyread-
justedto give the same intensityof detonation.When an erbreme
sparkadvanco-s reached,detonationwas no longeruniform. The
enginespeedwas then changedEUXIthe procedurere~eated.

Three seriesof runs weremade at enginespeedsof 800, 1600,
- 2400 rpu and at a constantInlet-mixturetemperatureof 120°F,
The differentenginespeedsware usedto study the effect of speed
on detomtIon at constantvolumetslceffIciency. Ihta takenfor
theserunsare givenIn tableI* @ are plottedk figure7. The
dataare plottedmerelyto showthat the pointsfallneatlyon
smoothcurves,indicatinggood experhentalcontrol. Pointsat
the right-hindetis of the curves,correspondingto abnormalspark
advances,do not representtruemaximumpermissiblepressures
(althoughtheymay representtruemaximumpermissiblecompression
ratIos),becauseIn theseparticularrunsdetonatIon occurredbefore .
peak pressure. In the discussionthat follows,the maximumpermis-
siblepressurefor theseruns Is takenas tho pressureat which
detonationactuallyoocuzred.

Pressurecrmk-angle Indicatordiagramstakenfor the rune
are reproduced(halfsize)in fl.gures4, 5, ti 6.

Abouthalfan hour was allowedaftereach changeof compres-.
sicnmtio to ostabllshequilibriumand to make smilladjustment
to fueland ah quantities.

It was intsndedori~inall.yto mako the runs with commercial
Iso-octanebecauseof Its hmcgenelty am also by way of cmperl-
8cn withresultsin reference9. It was very difficult,however,
to make the enginedetonatesatisfactorilyat 2400rpu with this
fuel,and the onlyaltwnatlve was to use a fuel of loweroctane
----------------------------------”----+--------------------------

*Runswere alsomade at inlet-mix%ur~temperaturesof 160°
and 2C0°F, b’lttheseruns are net discnzssedbecausetherewas
not sufficienttime availableto make a ccmpleteanalysis. The
experimentaldata for these runs, however,are includedIn
tableI. The authorsIntefito analyzethesadataat a later
time.

. .
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rat Ing. The runewere thereforemade with standardreferenoe.fuel
C-12,ratedat 78.9oolnneby the CFR motormethcd. Cyollcrepro-.. ..-. duclbllitywith this-fuelwas not so go@ as that obtdnpd with
iao-ootane.

The pressureof the unburnedohxr~ was determinedby takiq
a pressure-crank-angleIndioatcrd- for eaohrun with the
M.I.T. balanoedpressureMloator. The instantat whitidetm.
tion ooourredwas detemuinedby takinga dp/dt reoordfor eaoh
run,but these“dp/dt reoordaare not shownIn thisreport.
When the filmswere developedat the oompletlonof the test,it
wae foundthat the line of ~erorate of dwmge was badly dldxmted
by sparkpiokuporiginatingin the amplifierusedwith the photo-
graphicosclllograph.The t~ male was not distorted,however,
adl the Instant(or orankposition)at whichdetonationooo~
was oleerlyand accuratelydefinedin most cases. When the remrds
showeddetonatIon to have occurredat some instantbeforepeak
pressure,the pressureat this fnetanta8 determinedfromthe
ind16atordlagramewas takenas the truemaximumpermissiblepres-,
sure. “

DDXUESION OF EXPERIMENTALRESULTS

In orderto discussthe experimentalresultsoleez’ly,It is
neoesearyto defhe de- precisely.The usualoonceptof delay
is associatedwith the experimentsof Tlzardh Pye (reference6).
It was In theseexperhents that ignitionlag or delaywas first
reoognlzed.Tizardand Pye compresseda ccnnbustlblemixtureh
a cyllndorand recordedthe pressurechangeswith time. They found
that, if the mixturewae ccuupressedrapidlyto, or above,a certain
temperatureoalJedits “i@ tion temperature,” therewouldbe no
explosionuntilaftera deflnltetimehid elapsed.

This prooeasoan be representedby the ourveof f@ure 8.
Here a rapidadiabatio compression2s oerriedout from O to A.
At A, caupresslonis discontinuedami the pressureis maintained
Oonetant. If ths taperatureat A is abovethe Ignltlon tempera-
ture of the -S, thenan explosiontill oocurlaterat B. The
inte~d AB has beenreferredto as the delayperiod. m this.
reportit till be referredto as the “apparentdelay.” Apparent
delaywillbe definedas the time Intervalbetwsenthe end of
Isentroplccompressionand the Instantof explosion. If the
ter&rature at A is sllghtlybelowthe I@it Ion temperature
of the gas,no erplosIonwill resultregardlessof how long the
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pressureand the temperatureEUW maintainedat this level;that
is, for practicalpurposes,the -S will have infinitedelay.

In the caseof Isentrcploccmpresalon,the processcan be
completelyspeclfi.ed by givingthe Inltlalconditionsand the
pressure-timehistoryor the temperature-timehistoryof the
gas. In the followingparagraphs,it tilJ be assumedthat the
initialconditionsare the ame and that the compressionis
Isentropic;thus,onlythe pressure-timehistorywill be used.
It will also be assmnedthat the combustiblendxhrreconsists
of petrclemnvaporsand air.

Althoughthe experimentaldemonstrationand measurement
of delayas effectedby TIZSJ5and Pye (reference6) is stralght-
fcrwmd enough,difficultyis encounteredwhen the oonceptis
usedto chxrifythe mechanismof enginedetonation.

A slgnlflcantfeatureaboutthe compressionof the erd gas
In a detonatingengineis that the compressionis continuousup
to the Instantof detonation.Underthesecircumstancesthe
conceptof appent delay is inconvei)lent.In figure9, if the
gas la mmpresmd alo~ OA= to PI, the minimumi@tion
pressure,the resultingapparentdelaywill be t~. If the
gas Is compressedcontinuouslyfrom O to Pa along OAa,
the apparentdelayperiodwill be shortenedto ta (reference
13) and, if the gas Is ccnnpresaedcontinuouslyfrcxnO along
0A3, a pressuve P3 wilJbe ultimtely reached,at wMoh the
apparentdelaytill be zero.

h a detonatIng engib, the unbvrnodpart of the chargeis
compressedcentinuou81yuntilspontaneousIgnitionresults,~
thereforethe apparentdelayperiodmust alwayshe zero. In
orderto avoidthis dIfficulty, delaymight be definodas the
time Intervalketweenthe Instantat whichthe minimumself-
ignitionpressureis reached@ the instantof explosion.
With ccuupresslononly to PI (fig.9) this definitiongives
the samevalueof delayas the preoedingons, but, when con-
tinwd to pressure P3, alongthe somepath of compression,
the eoconddeflnitIon givesthe delayas t~. It will be con-
venientto refor to delaydefinedin thismanneras “total
delay.”

As a resultof the use of this def+hltlon,It followsthat,
if a combustiblemixture is compressed continuouslyalongdif-
ferentpathswhichdo not orossabovethe lowestignition
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pressure,then the paththat has the smald.esttotaldelay-
havethe greatestself-ignltion pressure. Thfs faot is evident

.,..,.. frana oonsldemtlonof figure-10where the totald~..assooiated
with the path OAC must be less thanthat associatedwith the
“~th OAB shoe pressureand tempemture are higherat any
Inslnmtaloq AC.

The prinoiple Just illustratedIs borne out by the engine
experhuents.The omupressionlinesof the pressure-orank-angle
diagramsof figures4, 5, and 6 are shownplottedon a pressure-
tlme basis in figureU. These ouwes represezrtthe pessure-
tlme historyof the unburnedcharge,whloh In most oasesdetmated
at the pointof peak pressure. The apparentdelayis zeroIn
everyease,but the totaldelay”oan be determ&ed if theminimum
self-lgnltlonpressure18 known. .

If 150 POUA.S per squareinoh is assumedto be the mlmlmum
self-ignitionpressureW If sM. pths are shiftedIn time so
that they startfrcma oonmmnpoint A on the llne PI E 150,
then it wild be seenthat the principlestated1s borneout. If
150 poundsper square Inoh gage 1s, Meed, the nllnhum sOlf-
Ignitionpressure,it is eJJmwableto shiftthese mn-vesIn tdme
beoausethe part of the pathsbelowthe minimum”ignitionpressure
Is of no slgnificanoeas far as the ulttmateself-ignitionis
oonoerned.A @tlfioation of this artlfioebased on the theory
of ohalnreactionswillbe fourdin appendix D.

It till be notloedIn figure11 that,whenevertwo paths
do not oross,the path thatliesabovethe otherat evem
Instanthas the highestpezmlsslblepressureand the smallest
totaldelay. Paths 6, 7, - 34 have been correotedto SJJ.OW
for the faotthat detonationdld not ooourat peak pressure.
The pressureat whlohdetonationoomu’redfor theseruns is
Indioatedby orosaeson the diagrams. When the pathsorose,
no mnolusions oan be drawnexoeptthat the resultsof suoh
orosslngsdo not oontradlotthe prlnoiple. Smalldlsorepanoleg
may be aoooumkd for by the faotthatthe temperatureof the
unburnedohergeat A variedslightlyfor the VUIOUS rubs.

.. .

In most of the runs sparkIgnitionoocursbeforepoint A
Is reached,whfoh oauplhatesthe computationof the temperature
of the unburnedohargeat thispoint. A muoh more aoourate .
temperatureestlmzteoan be made at somepointpriorto spwk
Ignlttonbeoausettmn the fomula @V -“BT - ~
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where “

P pressure
.

v volume “

B gaa cmnstant

T temperature

can be u6edand good pressureand volumemeasuraents can be
obtained. (SeeappendixA,) A pointat P .50 poundsper
squareInchabsolutewas selected,and the temperatureshere
%r all the runs of figureI-1wwe cauputed. Thesetemperature
were foundto be oonstantwithin~ percent. It iS believedthat
the preoisionof thesecaputationeIS betterthan●2 ~rcent.
(SeeappendixA.) The %peroent variationat this petitthus
appearsto representa real,tho@h small,tempemture -tit ion.
The compressionprocessbehg consideredisentroplo,It follows
that.the tempezmture~iatlon of the unburnedohargeat A,
where P = 150 pouhdsper squareinchgagewill have the ssme
mxr$ation.Thus, -ted a snudltmrature varlatlonat A,
two identicalcompressionpathswouldgive sli@tly different
maxizmnnpermissiblepressures.

If the mldmum Iguitio&p?essure1s seleotedat Pz = 125
poundsper sgure inch ~, contradictions are encounteredthat
are too glaringto be iricludedIn the range of experhnental
errorsor“slighttmperatnl?evariationsat PI. The most signlfl-
oantof theseoontradictlonsis evidentIn the caae of runii1 -
27. The compressionMnes for thesetwo diagramsare shownIn
figure11 at Al. It wilJ.be notioedthat,althoughpressures
=e alwayahigherat any Instantalongthe curvefar run 27, the
peakpressuroIs the sameas the peak pressurefor run 1. This
resultcontradictsthe foregoingtheory. This oontradlctionad
otheroontradlotionsexistwhen A is takenat any pressure
below150.

When A Is selectedat a pressuregreaterthan 150, say
PI = 175 pouds per squeu?e‘inchgage,a resultllkethat shown
at A 2 Is obtained. A@n, onlythe ccuupressionlinesfor
rune 1 aM 27 are shown,and it willbe obsezwedthatpressures
are now higherat any instantalongrun 1, althoughthe peak
pressuresare equal. This resultalso contradictsthe theory.
When theminhnm ignttlonpressureis takenat PI = 150, as
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at A, however,It _ be notioedthatthe pathsof rune 27 h
1 moss and thereforethe equalityof mxlmum permissiblepressure
OaI1.b.e@@ lfled. A mq?efulst~ of thesegqdmadiotionsd ln-
oonsistenoiesshowedthat the observedfaotafittedthe theoretloal
reaeonlngbest when the nblmum Ignitionpressureuas takenat
PI = 150 polmdaper 8qUSXWInoh~. It may thus be oonoludd
that,witha given ompositlonand tiitlalpressured tempera-
ture,if the rate of c-salon of the unburnedoluwgeis
I.noredsed,the mxlmum permlssllilepressureis higher.

smGesTIacm imRFuRTHERs!mmY

It Is suggestedthat a new experlmetialmethcxlof attadclng
the detmt ion ~oblm be investigated.This methodis s~sted
by the dp/dt reoordof fIgure12. Here the pressuredisturbances
set up In the oylinderuder ooti”ithns of moderatedetonationaxe
olearlyshown. The Instantat whlohdetonationoooursis preoisely
defined,end the correspondingpistonpositionand oyllndervolme
oan be readll.ydetermlneL A pressure-timereoord,takensimul-
taneouslywith the dy/dt record,wouldgivethe oyllr@erpre~-
sureat any Instant. Fran thesedatathe temperaturead pressure
of the eti es oouldbe oconputedby the methodused in the present
Investigation,d the press--time historywouldbe reoorded.
The quantityof end gas I@tlng spontaneouslyor, In otherwords,
the Intensityof detonationwouldbe ~terial.

Thismethodhas partioularadvantagesover themaxjmm-
permissible-pressureor oritioal-compression-rat10 methcds. ~
use of thismethodIt wouldbe possibleto studythe effeotof
changinga sf

+
e enginevariablesuohas sparkadvanoe. Suoh

a ohangewoul not necessitatea ohangein omupmsslon ratio.
The effeoton detonationof produotsof ocxubustionfrcmdetonat~
and nondetonatIng oyolesoouldalso be convenientlystudied. This
studymightbe ~ by runningthe engineunderoondltloneof no
detonation,then oausingthe sparkto be suddenlyadvanoed(that
1s, duringthe timerequiredfor the exhaust,suetIon,and power
strokes), and a recordtakenof the fIrstdetonatingoycle,wMoh
wouldbe a reoordof detonationas Influencedby the prduots of
noznmlcuubuetion. The engineoouldthen be run for a few oyoles
with the spcrrk.advanoeset at the preoed3ngInetantaneomvalue
azila reoordoouldbe takenof the last cyole,whichwouldbe a
recordof detonationas Influencedby the produotsof detonattng
oa?ibustlon.The effeotof contributionsfromthe residualgases
on pressure-temperature-theeffeotsoouldthan be $eedilydeter-
-d ,

?..
*.
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The methodpresentsotheradvantages.Detonationooul.dbe
made to occurbeforepeak pressure,whiohwould shortenthe
orankangleintervalbetweenthe ommrrenoe of sparkand detona-
tIon. A reductionwouldthusbe made in the numberof errors
introducedin end-gastemperaturecomputationsdue to the assump-
tion that ccanpressionof the end gas is Isentrcpio. (Seeappetiix
A.) It wouldalEIoalhw muoh easiercontrolover the wei@t of
ohargeper oyolelmause of constantolearancevolumeand would
renderunnecessarythe use of an enginehavinga variableccmpros-
Slonratio.

This methodmight havo a dl&dvantage in that dtffererrt
degreesof detonationwouldalteraveragecombustion-chamber
temperatures,but thssetauperatureohangcmwouldnot be ob~ectlon-
able whereonlya singledetonationcyoleis studiedand should
be of smallaccountwhereonly fiveor SIX detonatingcyolesare
studied.

It is suggestedthut the fuelsmsntionedby ~d (refer-
ence14 ami appendixE) be testedby thisnew method.

CONCLUSXMS

The resultsof this lnvestl@ion show that :

1. Higher=tium pemulsslblepressuresw be used If the
rate of ~ompressionof the and gas Is inoroassd.

2. ~erimental data in e&ine dstmatIon shouldbe aoccan-
panhd by the pressuro-temperature-ttmhistoryof tha unburned
chargein tier that fundamentalconcluslcinsmay be drawn.

MassachusettsInstltutoof Technolo@,
CambrMge, Mum.

.

I
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AEPIOIDIX A

~ CCMPM!ATIONS

KIRMIMSm~ I13EDRS P-V-TRELATIQWS

P’aRTHB~CH#lRGE

IftiationUsed

The valueof pressure P, SpeoifloVollmlev, ad temlpemb-
ture T! for the unburnedoluwgeat the point O la giventhe
Subsorlpt 0. T@ valueof P, V, or .T for the unburned
~~ at any pointbetween O and.peakpressureis giventhe
Smsol”ipt x. The additionalEIUbEIOZ?i@S1, 2g 3 on the X
deeignatedifferentoamputedvaluesof the same quantity,thus:

T=
1

TXa

T=
3

Indloatedtemperatureof the wiburnedohsrge,that

1s, temperatureocxnputedfromrelation PV = BTJ
where P Is measuredon indloatordlagrsmad V
Is detenuinedfrom orankangleand.weightof oharge.
Thesetemperaturesare considerednearestto true
values.

adlabatiotemperatureof unburnedchargemuputed

&cm ratioof inltlalad finalcyl~r pressures,
whlohare measuredfrcm Nioator dlagrsm.

8di8b8ti0tqerature of unburnedOkI?@ (x9q)utsd

frcmratioof initiald flml cyllnder“volumes,
uhioh are determinedft?anOrankposition.

This“eyetem“avoidsoonfuslonwith the usualnotationof
Tl, Ta, T3, eta. usedto representtemperatureat variouspoints
in ti--oytii.e.

In the fold.ovingfmmilas
as follovs:

B gas mnstant

~ Speoifloheat at mnertant

other~bols UEed~ be defined

. .

VOhW, Btu/lb/~

---— .-..— .
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~ Bpeolfloheatat Oonlazantpre8Bure,Btl@b/9

If’ormulaa

Pvclm (1)

Gasollne-airmixturecontaining
m, ml-ah ratio= 0.078,-

B = 50.8

~ = 0.214+

Ov = 0,149+

(Thereis a sllghterrorin the
of tableVII, referenoe9. The

about5 peroentb- resid~

6.16x 10-5T

6.16x 10-5T

printedvaluesof
valuesgivenhere

ones. )

logTxa = lcgTo

log T=~ = log To

Gasoline-airmixture,

P= ‘
+ 0.304log~ - 0.000125(T% - To) (2)

o

+ 0.438log~ - 0.000179(T=3 - To) (3)
x

no burned residual gas, fuel-ah ratio = 0.079.-

B = 50.5

~ = C.211+ 3.19x 10-s T

Ov = 0.147+ 3.19x 10-sT

Px
log T=~ =logTo + 0.307log;- ().00M656(Tx~- To) (4)

o

log T=~ = log To + 0.443log: - 0.0000947(TX3- To) (5)
x.

Air Ofiy.-

B = 53.34

Op m 0.220 + 3.06 x10-S T
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%’ 0.1515+ 3.06x 10-ST

P= “
log Txa = l.~To + 0.311 log F - 0.0000603 (Txn- To) (6)

v:
log Tx3rnlog To + 0.45210S ~ - 0.0000878(Tx3- ‘o) (7)

x

Remarks

1.

2.

3.

4.

5.

6.

7.

Temperaturesme in %? absolute

Specific-heatequatIonshold only for the rangefrun720°to
19000F absolute

Logtwithmsare to the base 10

The valuesof T
%

and Tx are determinedfrcmthe trans-
cendentalequationsby &lal

Weightof burnedresidualgas Is c“~uted frm themmQnemlo
chartB

Weightof unburnedresidualgas (fornmflrhg runs)Is— —

The

cmputed on the ammmptim that the residualgas is
at exhaust-tankpressureand Inlettemperatureat the
beglnnlngof the suetion ~troke

derlvatIon of the trueadiabaticequationfor variable
specificheatswill be foundin reference15 d lnfoma-
tion on the speclftcheatswill be foundIn appemilxC
of reference 9

coMPuIwnm cm mm-as TmPmmm

Althoughthis Investigationwas concernedmostu with the
relationbetweenthe rate of compressionof the end gas - Its
-hum permissible pressure,it was of interestto calculatethe
resulting changeati efl-~s temperature- relatIvedensity.

The methtiof calculatIng end-gastemperaturewas, in general,
the seineas that givenin appendixB of reference9; that 1s, the
pressureand the speoificvolumeof the unburndlchar~ were
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measuredat sanepoint on the ccapressionline of the indioator
d- ad fromthesevaluesthe temperatureof the ~~ was

“cauptied. The temperaturerise of the end gas, oausedby compres-
sionby the piston@ the expandinggasesbehiidthe flarefront,
was cmmputedby assun~ isentropiccmmpresston. The contribution
of residuales and the v=lation of speolficheat with tempera-
turewere allowedfor exaotlyas In reference9.

The slightdiffersnoesIn the two methodsare outlinedas
follows:

In reference9, interpolationwas neces~ to detezmine
appropriatevaluesof air coneumption and maximumpermissible
pressure;whereas In the present work thesevaluesweremeasured
direotlyead no imterpolation was required.

In reference9 the pointon the ccunpression line ohosenfor
the base of end-gastampemture ocnnputationswas 146°B.T.C. It
vas foundIn the presentwork that haccuracy was Introdumd by
aswmlng isentroplocompressionfrcxna point so earlyin the
oyole(seesectionon PreoislonIn thfs appemlix) and the base
of cmputatIonswas thereforemoved as near top centeras pos-
sible. Ths limlton this procedureis sparkadvance,for after
ignltIon the specifIc volumeof the unburnedchargecan no longer
be determinedfrcm Indicatordiagrams.

Insteadof usinga definitecmnk angle for the base of end-
gas ccanputations,however,a definitepressure,50 poundsper
squareInchabsolute,was firstseleotedand the oorrespond~
orankangledetermined- tho tiioator oard. The spocifio
volumoof the cyl~er contentsat thispointwas then computed,
aml the temperatureat this potntwas determinedfranthe gas
equation PV = BT. This procedureprovidesa more oonvenlent
tasls of ccauparison.Cyllnderpressuresreach50 poundsper
sq~ inohabsolutebeforesparkignitionIn everyrun.

The Prinoipaldata used in end-gas ocmputatIonsam gfven
in tableII. The ocmputationsfor the weightof residualgas
have beencmltted,as this procedureIs ldontloalwith that
used In reference9. Equations1 and 2 were used in making
maxtiumend-gastemperaturecmmputatIons. Maxtiumrelative
end-gasdensitywas detcmmlnedby dividingmaximummd-~s
proseureby m.ximmnend-gastompemture.
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EREcmm cm’mmm!mRE CWPUTATI(UYS

The p’oblemof determiningthe temperatureof the unburnd
part of the hge ~ be statedbrieflyas ftiows: “

Giventhe pressure,volume,d weightof ohargeat sane
point O on the mmpresslonllne of the Imlioatordlagrsm,to
determinethe tempcmatureT= of the unburnedpart at ~ point
x between O and peak pressue. (Thepoint “O shouldnot be
COnfUSSdwith the point A mentionedin the disouesion.The
point O is arbitrarilyeeleotedas @ base of computations;
whereasthe point A baa a definitelooatlondetemlned by the
stateof the hge. )

PrlnolpalFaotorsOauslngErrorsin TemperatureComputations

The principalfaotorsthat introduoeerrorsIntothe
ccmputedvalueof Tx are:

1. Acoumwy of the methodusedto caupute T= - the
Oonditionset point o

2. Rellabflity

3. Aocuracyof

4. Looatlonof

5. Acoucaoyof

6. Aocuracyof

of the adlabatlcassumption

detozmEnlngthe ootiltionsat point O

point O

air measurements

clearancevolumemeasur-ents

These faotors,80 welJ as somemiscellaneousfactors,are
Investigatedherein:

Methodsusedto ocmpute T=.- Threemethcdsoan be usedto

oalculatethe temperatureof the unburnedohsrge. The first
methodinvolvesthe rdatlon PV . BT where P is measured
on the lndioatordiagram; V is determinedf@m the night of
ohargeand oyllndervolme (speciflovolume);and B, the gas
ocnstant,1s determinedby the methodgivenin appendixC of
reference9. Temperat,yresso titermlnedare here oalledlndl-
oatedtemperaturesti are consideredto be olosestto the

-.
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actualvalues;they ae designated T= . This methodis Of no
use afterthe passageof sparkunless& speciflovolum of the
unburnedchargecan be determined. In this work the specific
volumeof the unburned~ge afterthe pasmageof sparkwas
unknown.

The aeoondmethodinvolvesone of the true adlabatic equa-
tions (2),(4),or (6) alreadygiven h this appendix(tho
pwTMculEu?equatIon dependson the ohargecomposition),where
temperature1s expressedas a functionof cylltierpressureas
measuredon the Indicatordiagram. Temperaturesso determined
are dealgnatedT+. Sincethismethodis ifiependentof
volume,It can be used afterthe passageof spark.

The thirdmethod involvesone of the true adlabatlcegua-
tione (3), (5),or (7) (theparticularequationdependson
chargecomposition),wheretemperatureIs expressedas a W.c-
tion of the volme of the unburnedchsr~. This methodIs
Independentof the Indicatordiagramexceptfor the determina-
tion of the temperatureat the point O. It cannotbe used
afterthe passageof spark. Temperaturesso determinedEme
designatedT= .

3
Thesethreemethodsshouldgive the same resultfor any

point cn the compressionpathwherethey can be applied,If the
compressionprooessIs Isentroplc;but, underoertainclrcml-
stancee,there itsoonsiderahlodieagrmment, Thts discussion
Is mostlyan attemptto explainwhy thesedifferencesexist
and to showhow the methodscan be brou@t into closerqpe-
ment.

~eliabfllt;-of the adlabatlcassumption.-A ccmparison of
the threemethodsis made for run 27.
ma tikenat 100°B.T.C., ‘oint 0 ‘p? ‘&&!mand a light-springIndlcaor
was available;therefore,goodmeasurementsof pressurecould
be tie at thispoint. The data are given in table111. The
terms Txl ti T% cannotbe ocmputedafter5° B.T.C., because

hero the ohargebeginsto burn. The agreementamongthe three
temperaturesIs very good up to this point. Pressuresand
temperaturesare plottedin figure13. A reproductionof the
actualIm3icatordiagramis shownin figuro5.

Theseresulteshowthat the assurptlonof reversibleadia-
baticccmtpressionis sufficientlygood up to the beglxmingof
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oambuetlon,tire It may bo ohedced. Unfortunately,further
investl~tfongivesconflictingBvldenceon thispetit.

..._.. ... ... .,.
.. Run 73, a nonflrlngrun,“wasmade in orderthat tamgmra-

turesccmputedby the threemetlmdsoouldbe oampamd thriiughout
the entire.oompremimi perlcd. Ftist,a cheekwas mde to see
how clomly firingaml non?lringrecordsoolnoidedon the.
ccmpressi.onstrolm, The en@ne was thoroughlywarmedup, after
wUch an Idicatcm cm’dwas takenwith a 50-poundspring. The
Ignitionqwltohwas then out”and a motoringdiagramwas taken
immediately on tti ssmeazrd. This ocauposite- is shown“In
fi~e 14. It will be seenthht conditionson the _esslon
strokeare very marly the same In both casesup to the point

,.. of ignition;220 B-T.C.“The motor~ ohargo00n8isteaOf dry
alr and fuel. “

..—

.Itiioatodand adiabatlotsmperaturoscamputedfrcm100° B.T.C.
for tho nonflrlngdlagrsmare givenIn tableIV. The plotted
valuesappearIn f~gure15. There Is a dlfferencoof 73°I’between
Indtcatedand adlabat~o t~ei-~tur~ TX3 at the peak,vhlchwould

lndicat~thatheat was beinglostby the charge. Tho P-V dla-
grum”for this run, @wover, showedpracticallyno diffmxmce
betweenrisingand falllngpressures. This faot Imiicatesthat
the prooessis revorslbla,and therpfore tho obsmved dlfforoncos
cannotbe duo to heat transferor leakage.

This contradictionoculdbe explalnodif thu Itilcator
reoordingmechanismwere fntrcduoinga systomatIc errorthat
wns mak~ the rlsi~ prosmrm appearloworad the faXl@
pressuresappearh lghcw than tho truo valuea,thus obsouring
the offoctsof heat tranufar. A run, to bo doscribodpmmntly,
wao made to chockthistheory.

The P-V diagramfor run 73 plottedon log papergavethe
valns.of the.adiabqtioexponentas 1.32.

Accuraoyof determiningthe conditionsat point O.- The

..

aocuraoyof the measurementof pressureat point O dependsw
the aoouraoyof the ~lcator ad the p?ecislonof the measure- “
ments of the Indicatordiagram. The diagramscan be measured
to M),O1Inchwhen the llns Is thinand regularand the elope
not too steep. But evenunderthesefavorableco~t ions,the
percentageerrorIn reqdipgthe heavy-sprtngdiagramsin the
firsthalf of the canpressionstrokemay be considerable.In
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the case of run 27 (tableIII).,if the pressureis measuredat
100°KT.C. on the heavy-springdlagraa(150-lbspring),an
errorof 0.01 InohretnzltaIn an error of 1.5 pouzdsper square
InOh. TMa error 18 sufficientto ohangethe InMoated tempera-
ture at this point fim 873°F absoluteto 9410F absolutead
the peak temperatureT= flan1705°F absoluteto 17900F
absolute. 8

It has been found In this laboratory(referenoe16) that
the accuracyof diam unitsis poorwhen smallpressures “
are beingmeasured,owingto the foroerequiredto overcwm the
elasticltyIn the dlaphragnwhichvariessauewhatwith different
omiltionsof operation. This errorhas a maximumvalueof 2
poundsper squareInoh. An error of thisngnitude at 1000 B.T.C.,
h the easeof run 73, is more than sufficientto accountfor the
differencesIn maximumtemperaturea. Thus, if the true pressure
at Moo B.T.C. were 2 poundsper sq~e Inohlowerthan that
givenin tableIV, the truemaxtimnIfiioatedtaqmrature umld
be diminishedto 11175°F absoluteand themaxtiumadiabatictem-
perature T= wouldbe dhlnished to 1145°F absolute. Under
theseolrcm&nces the adlabatlctemperatureis 300 F lower
than the Indioatedteqerature. This dlfferenoewould Indloate
that heat was gainedIn the ccmrpresslonprocess.

Tho diaphragmerroroan be elhinated by the uss of a
flapper-valvetype of cylinderunit;but, if light-springMagrams
were takenwith the flapper-valveunit In addltIon to the heavy-
springdiagramsfor runs 1 to 59, the requiredamountof testIng
th wouldhave been approxlmately doubledad the undesirable
sltuatlonof usingthe data from two separateruns for ocmputing
a singleresultwouldhave resultedbeoauseof the necessityof
shuttingdown the engineto ohangeunits. A few llght-spr~
dlagg~ were taken,however, eitherbeforetho b@nnlng of a
given series of runs or at the conclusion.

Althougha diaphra# mror of 2 ~oundsper squareInohIn
the ~ly part of the c-osshn strokewouldbe sufficientto
explainthe tomporaturedlfferenms, It Is not certainthat the
-Imum valueof this errorwas alws In evIdenco. Aocordin@y,
the theorythat the Indioatorreoordlngmechanismwas titroduclng
a systematloerrorwhichmdo the risingpressuresappearlowor
and the fallingpressuresappearhigherthan the true valueswas
considered.An errorof this naturewouldbo introducedIf tho
visoosityof the oil In the indloatorplungerwere greatad. If
tho compressionside of the““oardwere takenwhiletho Indloator
pointerwaa moving out- mxl the oxpanslonsidetakenwMle
the pointerwas movinginward.
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This effectwae Znvestl@ed by means of a nonfiringrun,.
mn 76. The engine=s wmmed up, the ignitionout,and a matoring
wu’dtaken. The follcndng~ecautions were observedIn usingthe

“ indiOator:The oyltir ard the”plunger were thorouglQ.ypleaned
and a verylightoil was placedin the reservoirto dhninishvis-

......

oosityeffects. The pointerwas pumpedup to ne= the end of its
strokeand thenallowedto desoetivery slowlytith the pmp
turnedoff and the contaotorswitchon %ake.” This prooedure
gave the oaupressionsideof the diagram. The oontaotorswitch
was then turnedoff ad the pointeragainpumpedup to near the
@ of its strokeand allowedto desoendslowly,at approximately
the same speedas before,with the .oontactorswitoh on “break.n
This proo@ure gave the expanstonsideof the diagrem. Asymmetry
of the diagram,whichmi@t be introducedby frictionand vlB-
cosityin the Indicator4eohanhm, was thus greatlyreduced. The
dlagralllis shownin figure16. Therewas considerableimprovement
in detailthatdoes not showto advantagek the reprcductIon.

Peak tmparaturesfor run 76 were ccmputedfram100° B.T.C.
The resultsare givenIIItableV and the ourvesin figure17.
Maximum T= is 171°F higherthannuuimwn T=l.

3
If VtillBSOf Tx= =e substitutedin equation(1),the

valuesof oorrespofilng oylirderpressures PX3 are ob-tained:

that Is, the pressures which shouldexistIf the processwere
adlabatlo.Thesevaluesare givenin tho last columnof tableV.
The mexfmumdifference10 21 pourdaper squareInchat the peak.

In view of thu precautionstakenwith this run, it is clear
thatthe discrepanciesam cortalnlynot due to tho supposed
systematIc errorsof the indicator.The di~agrcmmontcanbe
explainedif the -Imum errorcf the dlapbra@nuntt Is aomued
to Operatain conjunctionwith an errorof 0.016inoh on the
low ~ide in readingthe indicatordiagramto givea pressure
2.8 poundsper squareinchlowerthanthe true valusof 100°
B.T.C.

If thisrun Is caa~ed with the preoediq one,run 73, it

will be obaerv~ that thereis 106°F dtfferenoein the maximum
valuesof Tx=. Fuel and air mnswnptlon,ocmpreeslonratio,

speed,@l so-forth,were the same in both rune,but the inlet
to?nperaturewaa 60 higherin run 76 than in run 73. !lhlsoOndi-
tio.ndoeenot aooountfor the difference,becauserunsmade at
differentinlett“aupcraturoa(tobe describedlater) show no
variationof thismagnitude.
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The pressureat 100° B.T.C.shouldbe the same for the two
runs,but It will be observed(tablesIV and V) that P. Is
18.6 pourdsper squareInchfor run 73 and 20.3 poundsper square
Inchfor run 76. An errorh measuringthe IndicatorUagram of
H. 01 inchwouldaccountfor ~. 5 poundper squareinchdifferenoe,
d the remaindermey be acoountedfor by the diaphragmerror.
Sincethe runs weremade tier praotIcallyidenticaloomlltions,
the tempemturesat 100°B.T.C. are proportionalto the pressures
at thatpoint (from PV = BT). The temperate at 100° B.T.C.
for run 73 1s 7170F absoluteand for run 76 Is 785°F absolute.
This Initialtemperaturedifference1s responsiblefor the large
differenceIn maximumvaluesof Tx= for the two runs.

Locationof point O.- Adiabatlotemperaturecomputations
so far consideredin this appefilxwere based on cyllder condi-
tionsat 100°B.T.C. It is desirableto see what effectthe
locationof this pointhas on maximumadlabatiotemperatures.

Three indicatorcards,numbers5, 37, and 51 frcmthe work
of referenoe9, were examlmd for this effect. The cardswere
for runs at approx~tely the samefuel-airratiobut with inJ.et-
mlrturetemperaturesof 2000F, 1200F, ad 800 F, respectively.
The meximmnend-gastemperaturefor eachrun was ccmrputedfrom
146°,100°,ad 30° B.T.C.by the use of equation(2). The
resultsare givenin tablesVI, VII, and VIII.

The maximumend-gastempe?mturesshouldbe the same in any
ons of theserune,regardlessof the locationof the point O,
inasmuchas only one methodof cwrputationwas used. This agree-
ment is ve~ gocd in the caseof run 37 and Is within1 percent
in the ca@e of run 51. There is a 1.3-percentvariationin the
case of run 5, which is of the sameorderas the expertintal
precisionand thereforesatisfactory.It is worthnotichg,
however,that light-springindicatordiagramswere available
for theseruns.

The effectof the locationof the point O on the three
methodsof temperatureccmrputationwas studiedfor the case
of run 76. A 50-poundspringwas used in takingthe indicator
diagramfor this run. The point O was seleotedat 40° B.T.C.
and temperatureswere ccmpv.tedby means of equations1, 4, and
5. The resultsare given in tableV and the curvesare plotted
In t’i~e 18.
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Notioethat the mexlmumdifferencein t~erature -1.snow
only48°1’eunlthe differencebetweenadlabatlcand.Idioated
premnu’esis now leesthan 6 poutilsper IWUUW inob. Although
thesedlfferenoesare much less them when the mxhum values
were.ocauputedfrun10W B.T.C. (seetableV), yet the absolute
oorreotionneoesearyto applyto the pressureat 400 B.T.C. In
oMer to elimlnatethe 40° F differenceis aboutthe ssme (2.65
lb/egh.) as was neoesemryto ellmlnatethe 1719F dlfferenoe
when the maxtiumvalueswere ocanputedfr%xn100o B.T.C. This
faotpointss+ronglyto the ~senoe of a seroerror.lnthe
dlaphra@l.. .

“ It &’ Wiown.that~ ~. of 0,01 inohin nnzEM&i& pree-
sureon the heavy-springdSe@em at lL)O”.B.T.C. for the .oaseof
run 27 reeultedIn a variationin mutium Txn of 85°F, If., ..

. this ~ e&rorwere~ a% @ B.T.C.. the &rlatlon In maxi-
mum T~ wouldbeonlylti”~. “ ‘

Frau the foregoingwmdderat lone It Is apparentthat,when
hea~-springdlagreme~ are available,it is desirableto
100atethe point O earlycm the line of rialngpresmres, where
the elopeis gentle,In &r to facilitatemeasurement;but a
oanpraulsemust be made between.thialooatlonof the point@
a looatlonlaterIn the cyole,whiohwouldbe desirablefor
reduolngthe peroentngeof Ma- errors. Moreover,the neuer
the point O is to the point x, the less errorwIJ.1be Involved
in oaloulatingthe temperatureat point x frcmthat at point O.
A good ocmpromlselooatlonfor rune 1 to 59 was between40° and
50° B.T.C.

Acouracyof air !masuremente.- ti the ease of nonflring
rune it mightbe expectedthatthe alr ocmsumptlonper CYO1O
would Increase.~th the afterouttlng the Ignitiondue to the
ooolingof the oylitier..walls. Sinoethe mxnpremlon sideof
the izilioafordiagramwas takenfirs~,it mightbe expeoted
that lees air would-be.dmwh intothe eyllnderduringthis
pertd thandwing. the periodrequiredto take the.expansion
sib of the dlagraans.. This varlatlonwouldbe av~ed over
the ocnlpleteoyoleby the methodtied in makingair measure-
ment. ... ...-,.. ...... .. . ... .. ------

In orderto detebtthis ohange,if my, three indloator
diagr~ - &une 77a,77b,W 77c = were taken in suoceesion.
The engine was wmued tipfor about30 minutes~ the i@tion
and the ftilwere shutoff,and dry alr milywas sdmlttedto

I

1 —— —-
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the en&ine. An air meaauraiwntwas takenfor eaoh oard. l%a
kst oeudwaa finished8 mintiteaafterouttingthe ~tlon.
Ho signifiwnt Ohan@ in air oonenmptionwas observed..The -
meterreadingsfor the threeruns wwre 58.8,59.0,@ 58.9 rpa,
respectively;- the peak ~ssures were 147.5,148.5,and “
147.0poundsper taquare inoh, respectively. This variationis
lessthan 1/5 peroent. The inlettemperaturevariedfrau1260F
to 128°F duringthe runs,vhioh is also a negligiblevariation.
Speedwas kept oonstantwith a strobotao;henoe thereshouldbe
no a-try introduod in the motoringoarddue to oyl~er
oooling. It is possible,of oourse,thatall the coolingtook
plaoein the brief internalbetwwenthe time Ignitia ma out
and the beginningof the firstam%, but, again,asmtm
shouldnot be introduced.

Tmpematm-preesure data for run 77a appeemin tableIX
&uxlare plottedin figure19. Mlmwu T= is 750F higher

thanthe maxinunnirdioatedtemperate; 1$ the pressureat
100°B.T.C.were reduoedby 1.2 pods per squareinoh,these
twonaxlmumtemperatureswouldbe equal. This resultis well
withinthe maximumerrorof the diam. The P-V diagram
for thisrun showeda very auEU dlfferenoe betweenthe ccmrprea-
Isionand ~ion lines,the expansionline being slight-
lower.

A furtherquestion to be settledwas the effeotof absolute
errorsof air measwements on temperaturecaomputations. various
valuesof air consumptionper oyolewere asmnued,ad correspon-
dingnaximumadiabatiotemperaturesand idicated temperatures
were oauputedfram100° B.T.C. for run 77a. The resultsare
shownin figure20. The aotualmeasuredweightof totalair
ohar~ per oyolefor run 77a was 0.00125pound,whioh inol~s
the residualair in the olemnce spaoe,- asswnedvalues
rangedfkau0.0008to 0.0013pcnudper cyole. It will be seen
fhcmthe ourveathat a largeerrorin air nmasurementhas a
relativelysmalleffecton the differencebetweenwimaan Txa

and Tx, sinoethe ourvesrun nearlyparalle~ The variation

in Ixx&ted temperate at 100° B.T.C. ie also shuwn.

Acouraoyof olearanm-volunomeasurements.- The observed

f’aotthat the adiabatiotemperaturecanputedfrauthe pressure
ratiois lower than that mxnputedfrcmthe volumeratiooould
be readilyexplainedif the olearanoevoluneswero in error.
At the beg- Of US work,tho O_ SSiOllratiotier-ter
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was 60 set that, at zeroreading,it corresponde~to a oompresOlon
ratioof 10:00with a clearanoevolme of 68 oublocent~ters.
The cl~ volumewas measuredby pouringOil.Intothe Oylinder
frcma graduatewith the-pistonat top oenter. Thismeasurement
-S made with the mxriouespark-plugholesfIttedwithbl~ plugs.

When the temperaturesvere computedand the lar~ dlscrepanoies
were observed,anothercheekwas made ad showedthe clearanceto
be somewhatlemger. An effortthenwas made to det’erminethe olear-
anoemore accurately.

Dependenceon graduateswas avoidedby determiningthe weight
of waterneoessaryto fillthe olearancevolume. Great carewas
takento el-te any entmpped alr bubbles, Thesemsasuraments
oouldbe repeatedto a preol.slonof 0.3 percent,whichwas never
the easewhen ~uates and oil ~re used. Therewas very little
leakageof waterpast the piston. The falJ..In the levelof the
titerIn the verticalspark-plugholewas obeervedto ohangeabout
0.1 oubiccentimeteraftera mlntieor so. It took cnlyabout15
secondst.ofillthe clearancespace;hencethere oouldbe no
appreciableerrorframthis souroe. T%M vater in the olearanoe
spacewaO blownout with ocaupmssodair,and tie enginewas ftied
for a fev minutesaftermakingthemeasurement.

The sems~k-plu& dp/dt unit,ad balancedpressureunit
used in the runE were In the oyllnhr head when thesemeasurements
weretie. A chaqe In sparkplugsof diff@rent types maY causea
ohangeIn clearancevolwneof 0.5 oublocentl.meters.This fl~e
Is significantin carefulwork at high oompresslonratios.

A glanceat fIgure21 showshow errorsmade in meaouring
clearancevolmes affeotmaxlmwnvaluesof Tx~ and TX. . These

curveswere ccmlputedfor the conditionsof run”77a. An inoreaee
In meas~ed 01earanoecausesan IncreaseIn maxlnuunIndicated
temperatureand a decreasein maximumadlabatiotemperatureT= .

The intersectionof the two lines skmwathe valuethe cleamnoea
voluuMshouldhave In order to make the two temperaturesequal.
This oocursat 77.6 oublooentlmeters;whereascarefulmeasure-
ment of the aotualclmrance voluw for this run @ve 72.5 oubio
oentlmetors.Althoughan errorof thismagnitudewouldreadily
explainthe factthat T== is ooneistentlyhigherthan T= in

1
ELM.the rune oonsldexwd,it is quitecertainthat no such&or
fromthis source,ex~ste.d,

.. ..—
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The variationof Moated temperatureat 100°B.T.C. =s
772* Ho 1’absolutefor the rangeof olearanoe-volumeerrors
oonsldered.It is not known*W muoh _ occurs in oleeranoe
volumewith temperature.m Ohangeprobablyis negligiblysmall
beoausethe linearexpansionof the pistonati the connectingrod
wouldbe offsetsomewhatby the linearexpansionof the oyllnder.
Assumptionthat onlythe oylinderexpaded gave insufficient
ohangeIn volumeto amount for the observedeffect.

The olearancevolumeshouldchangesunewhatwhen the engine
is runningbecauseof the deflectionof the connectingrod, orank,
cylhder walls,and so forth,undergas pressure. This effeot
wouldbe offsetsomewhatby inertiaforcesin the pistonand con-
neotlngrod near top centeron tho compressionstroke. An esti-
mate of this effeotwas made by pumping011 underpressureinto
the ocmbustionohamberwith the pistonat top center. A dial ~
was adaptedto a pin fittedthrougha bllndplug sorewedintothe
vertioalspark-plughole In the top of the cylinder. The pin W’aS
made to pressfirmlyagainstthe pistonby means of a spring. Any
motIon of the dial gagegave the relativedisplacementbetweenthe
pistonard the cylinderhead. It was foundthat tho relativedis-
placementwas Ot001 inohpm’ 100 poundsper squareinohpressure
up to tho mulmum pressureused,whichwas 1000 poumlsper square
Inoh. For the ease of run 77a thisdisplacaumntwouldresultin
a dlfferenoebetweenmeasuredand aotualclearanoevolumesat top
centerof about0.2 peromt, whiohis smallenoughto neglect.

MiscellaneousFactorsCausingErrorsin

TemporatrreCczzputatlons

ti orderto eliminatethe effectsof any m=oreseen engine
Idlosynorasles,the high-speedCFR enginewas replxumdby a low.

speedCFR engine. The cloarame volumeof the low-speedengine
was oarefullymeasuredas described.Ruus weromade with this
engineat two differentenginespeedsand inlettamperatums.
The same Indioatorand diaphr~ unitswere used.

The flrstrun, run 78, was a nonftihg air run mado under
approximatelythe same conditionsas run 77a. The air was not
driedand was measuredwith an orificeinsteadof an ah motor,
Tho data for run 78 are prcsontedin tabloX and flguro22.
HotIcethatpressuresd tamporaturosaro considerablylower
in run 78 than h run 77a but that tomp?aturo dlffcrenoesare
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aboutthe Stme. The M@er valueaof run 77a may be amounted
for by the fact”that Inlettemperatured impressionratioare
sl.lghtlyhigher. But oomparigmsare o~hated by the fact
that the Inletvalveolosesat 140° B.T.C. In the caseof run
77a and at 154°B.T.C. In the case of run 78. Light-spring
qame were not takenfor thesetwo runs so that& ~ct
pressureat Inlet-valveclosingIs @mown.

Anothernonflrlngrun,run 79, was made on the low-speed
engineunderthe same oondltloneas run 78 exoeptthat the speed
was reduoedto 800 rp (seetableXI and fig. 23). The alr
ommmption was someuhathQher on this run. It is a~ent
that the differencesin ocauputedoyl-r tempe~tures~e
almostthe same,showingthat enginespeeddoes not affeot
the difference-terlally.

Finallyanotherakr run, run 80, was takenon the low-speed
engineat 800 rpu with the InlettanperatureIncreasedto 191°F
(seetableXII eud fig. 24). Althoughthe temperaturesare all
higher,the differencesare stillapparentad comiderably
Wger. Too rigidomparlsone cannotbe made beoaueono attempt
was made to keepthe al= ooneumpttonexactlythe same in the
threeruns.

JJffectof’ChargeCompositionon CylinderPressure

The measuredpeakpressure P=~ Is 16 pourr~sper square

InchhigherIn run 77a than in run 76, althoughoperatingoondl-
tlonawere the same. This difftmence can be accountedfor by
oandderlng the numberof mols for the two charges. The moleoular
weightfor the fuel-ah ~,ure is 30.6and themoleoularweight
of air is 28.9. The totalweightof fuel-airohargeIs 0.00J.285
pOLUldor O.001285/30.6p 0.0000420mol, and the totalwei@t of
air chargeIs 0.00124poundor O.00124/28.9. 0.0000429mol. At
peak pressurethe volumeof ohargeIs the same in either case.
If the formula PV = NRT is appllpd,where

v -ge volume

N nuder of mols

R universalqm oons~,, ,.

T temperature

.—
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thereresultsfor the air chargeof run 77a

Pava = 0.0000429RTa

ad for”the fuel-alrohm?geof run 76

PflTf= 0.0000420RTf

Then

Pa 42-B

Pf— = 42aPf

1.11 = l,U

For any givenoylifiertemperature,Pa will thereforeby
than Pf.

A FourthMethodof CauputlngAdlabatloTmrperature

higher

AU estimateof adiabatiooylltiertemperaturecanbe made
by consideringthat all the temperaturerise of the ohargeduring
canpreafiionis due to the wvrk done by the pistonand thatno
tempemture rise IS transferredto or framthe cylimlerwalls.
If the work done by the pistonon the caupressfonstrokeis
measuredfranthe ma of a P-V dte, then the finalteun-
peraturecan be camputedby solvingfor”T~ In the equation

J

T3

W=l? w
To

w work done on -ge by piston,ft-lb

w weightof charge,lb

% speoificheat of chergeat constantvolune,Btu/lb/~

To Idloated temperatureat 100°B.T.C., OF abs.

—.— . . — —-. ,, .— — -..,. -. , .— , —
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T= adlabatlotemperatureat top oerrter,?F aba.

,. . .- -1’oz’the oaae of run 774 this equationbecomes .-

0.016= 0.00J.25

. .
T=

r3 (o.1515+
776

. .

= 13400F abs.

This valuelies aboutmidwaybetweenthe peak valuesof Tx-

o.oQoo306T)dT

., -a. .

Thismethodis considerednot so accurateas”the other
methds usedbeoauseIt 10 tiwaysd.lfficultto traaea P-V
dlagrsmand measurethe axeawith any greatprecision. The
~thod is includedheremerelyas a roughoheckon valuesocm-
putedby the othermethods.

Conclusions

LargevariationsIn speed, Inlet temperature,and alr con-
sumptiondo not accountfor the dlfferenoebetweenindloated
(true)and computedadiabatiotemperatures.Errorsin measuring
the Indicatordiagrammay he a ocntrlbutlngoause@ saue oases,
but the differencehas a consistencythat eliminatesthissource
as a genernlexplanatIon. Smallerrorsin cleazzoe volume
measurementwillalterthe differenceappreciablyat high mmqz’es-
sionratios. The elastIcity of the diaphragmh the Indloator
unit is probablyresponsiblefor thema@r part of the dlsorep-
anoy. Wheneverthe Btatieof the eti gas Is investigatedby the
methodsoutlinedh thisreport,llght-springflapper-valve
Idloator Magrams shouldbe takensimultaneouslywiththe
heavy-springdiagrams.

It may be oonoludedthat the eti-gasmtemperature~for the .
detmatlcm runs are, In geneml, about25° F lowerthanthe
givenadlabatiovalues. This fiot shouldnot affeotthe main
mncluslons‘arrivedat In thisreportInasmuc)has all tmnpera—
turesshould.beaffeotedali?m. Thls.estimtederrdr~tid be .
subJeotto revisionIf the effeotof heat transferfrcmthe .
burned-to,the unburned~ .of#he ohargewere considered.It
ml@t well be that
to make the aotual
Oourputedvalues.

this heat transfer, if any, Is suffio~ent
tamperatmresapproaohmore nearlythe

.

I
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~ 10, 11, mm 12

The phatographloocmibustionstwliesof references11 and 12
were takenat 40,000~sures per seoomlor at about18 times
the Bpeedat whiohthoseof referenoe3 were taken. The photo-
graplmof detonatingcombustiontakenby Rothrookand his oo-
workersin referenoea10, 11, and 12 are In agrmnent vith those
of Withrovand Ra8sweller In referenoe3 to the ertentthat
deto~tionappearsto be a rapid reaotlon In the end zonebut
-e at varlanoewith thoseof Withrowand RassweilerIn that the
reaotlondoes not appm alwaysto takeplme ahead of the flame
front .

The generaloonolusionreaohedby the authorsof references
10, I.1,and 12 is that,althoughautoignltlonof the last ~
of ths -ge w ooouroolnoidentwith knooking,the book
itselfIs sauethinguhlohthe data ldloate may ooouronly In
a portionof the ohargewhlohhas alrsadybecaneInflamedbefore
the bock 000UrS. ‘lb authorsof the presentreport,however,
believethatthe photographsof refe~enoes10, 11, and 12 may
aot~ be a oonflrmtionof the autolgnltiontheoryof engine
detcmation.

In figure5 of referenoe11 frameM-9 showsthe flamefront
approaohlngthe end walJ.with darkeningof the eml zone~sumably
due to preflamereaotions. In the next frame,M-10, the &xrkening
of the end zone is suohthat the flamefrontoan be no longer
d.lstinguished.It Is statedIn the text of this referenoethat
book 000~S in frameM-n. Again, in figure0, frameIf-U.shows
unburnedohargenear the edgeof an unobservableregionof the
ocaubustionohember. hock ooours,aocordingto the t-, In the
next frameN-12. Thus, in both seriesof phot~phs that shov
book In referencelJ, detonationmay be takento ooourIn the
unburnedobxrgead oan thereforebe Interpretedin supportof
the autoignitlontheory. Casesin whichfour flamefrontsocme
togetherin the oenterof the combustIon ohamberhave shownthe
four frontsapparentlymergingbeforedetomtIon takesplaoe.
The flamefrontappearsto be s- to a silhouetteor skyline
of a rangeof irregula?mountainswhereonly the highestmountains
show. Any vaUeys thatmay lie betweenthe mouutainsounnotbe
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observed..Aorossseotlonof the flemefrontat any level~
thereforebe more Irdentedand more Imegular than the silhouette.
A simpleexplmatlon for the observationthat the flme fronts,_...,.-.-.
appmzrto moss .eaolrother,as noted in referenoe10, 1s that
burningon the peaksof one flamefront1s ooourrlngtn the val-
leys of the other. If this explanationIs oorrect,the presenoe
of int6rseotingflameslndioatesunobse~ed regionsof uriburned
Oharge.

It is well knownthat when the flameapproachesa wall or
anotherflamecomingfi?cmthe op~site dtieotion,the observed
progressof the flameIs greatQ slowed. TMs phenaenon oan
be explainedas follows. The @oto@?@e showthe bouudaryOt
the unburnedoharge. The volumeenolosed16 beingdiminished
by two prooesses:

1. Physloalo(xnpression

2. Burningat the boq

Evidentlywhen ‘b volumeof the unbmnmd ohargeis l=ge, the
contributionof pbyaioalcompressionis large,and vioeversa.
Jn addttIan, when the unburnedchargebeccunessmall,the rate
of liberationof ener~ d henoethe rate of pressurerisemey
also be smallowingto the reduoedarea of the flemefront.
Preflsmereaotionsin the unburnedoharge,furthermore,may be
of ImportanceIn suppressingcompressionof this part. The●

last part of the chargeto be traversedby the flame,therefore,
appearsto burn slowly,and lt Is not surprisingto note that -
detonationocoursa considerableIntervalafterthe apparent
mergingof flemefronts.

The particularappmtus used h references10, 11, and 12
employedfuel inJeotionIntofreshalr contalnhg no residual
W* It is a oommn observationthat fuel inJeotiondoes not
resultin a hauogeneousolumgeevenwhen inJeotionIS intohot
residualgas. This faot is indioatedby the differentmixture
strengthsfor the Muilm of a ocmbustiblemixturethat are
notedwhen oyl=er Injectionis used b place of prendxed
fuel and air. It seamsprobablethat,with lnJeothn Into
relativelycoldair, the mlxLuretill be even lesshomogeneous
than in the easeof an engine with oyllnderIqleotlon.WlthrOw
and Rasswsller(referenoe3) attributeirregul~lty of the

flame ip tihelr erperlments to nophcmogeneityof.9heKr@,dthox
their.enginewas t’ed_ed fueland air in the normalmama,
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Ih the llght of the evidenoe,the authorseum of the opinion
that:

1, The apparentdepthof the flameftwnt In the pictures
of references10, 11, - 12 is due to the mixture
beingless hcuncgeneoisb the appmtus used than
In the normalen@ne.

2. Detonation,which oooursin the ptoturesof’ref&ence
12 apparentlyIn the regionalreadytraversedby the
flame,is probablyIn unobservedvalleysof the flame
frontthat the flamehas not yet reaohed.

3. mtil ~ -Ing evldeme Is avallablejthe auto-
ignltlcmtheoryis stilltenableand.is the simplest
interpretationof the obsemed facts.

APmvmx c

IMSCR12TICXV(X@’FUEL SYSTI!M

The fuel systemmad in thesetestswas des@ned to aoomplbh
the followingends:

1. Ellmlnatevaporlook

2. Sy@y suffloientpressureto the Met of the fuel
Injeotionpump to insurereliableoperationat high
speed .

3. R~uoe to a mhlnum emwrs due to changein pressure
head at the pump inletwhen fuelmeasurementswere
beingmade

4. Ellminatepersaw+lerrorsin detemnlnlngfuel-ah ratio
and Improvethe preoisionof measurement

5. Avoid the necessityof cmrrectlngfuel measurementsfor
~ws in specificgravitydue to changesIn tempera-

6. Make the prooedureof determiningfuel-airratiosas
simpleas possible
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Vaporlook was eltited by =Intalnlng
the fuel 13yBt~at 48 iI10h9Bof merourygage●

=intalned constantby fe@.~ water$’rcmthe
~Irrto”tliibol%cauof the fuel&um A [flu.3)

the preemre in
The pressurewas

City water mains
through the pres-

sureregulator B. The regulatorwas“pe~Ontly s=t to give
appr~imatelythe desiredvalue,d finead@dauents weremade
by controllingthe rate of effluxof the waterby means of the
smallvalve C. After the pressurewas onoe set, it maintained
its valuewlthln0.1 inohof merourywith littleor no attentia,
The fueldrum W of suffiolentstrengthto ellminatefirehazard
due to leakageor rupture. .

Inasmuohas everyeffortwas made to keep the engineInlet
alr ~, it was desirableto lmow if thisdrynesswouldbe nulll-
fied by waterdissolvedIn the fuel. It is pmmtioally Impossible
to have a dry ckge. , Sanewatervapor is alwaysaddedto the
freshckge frcmthe residualgases,md It ie convenientto use
this valueas a basisof cmparlson for the effeotsof outside
addltIOIISof water.

Fo~*a fuel-alrratioof !).07ad a 10-percentresidualgas
mntent, the weightof fuel Is about0.06poundper poundof
-ge and the weightof residualwater is 0.009 pound per pound

G.009
of charge, giving a ratioof — . 0.15pound of waterper

0.06
pow of dry fuelsupplied. Waterdissolveein gasol- to the
extentof about0.00005poundper pound of solutIcn at roan
temperature(reference17).

0.00005reeldualwaterIs —
0.15

small,

The surgetank D was

The &10 of dlasolvedwaterto

or 0.03percent,whloh is negligibly

placedin the systemto smoothout
pressurepulsationsfrcmthe regulatorvalvead also to bri~
the free eurfac!eof the fuelup to the same levelas that In
the balance oan E. The surgetank was made froma luoite
oyllnderabout6 inohesIn dlemeterand 1/4 Inohthickwith
brassheadsheld togetherby throughboltspaesingoutsidethe
cyl~er. The use of transparentmaterialallowedobsemt Ion
of the fuellevel. The seineconetruotionwaE used In the balanoe
oan E with the eumeptionthat the headsweremade of alumlmml.

A merourymanmueterwas tappedIntothe surgetank as shown.
When It was desiredto fillti balanoeoan,‘thevalves Y and
G were closedand the valve H was openedslightly. This
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pmoedure reducedthe premmre In the am and fuel flowedinto
it when the three-wayvalve J was turnedto the cmeot posi-
tion. h ob~eotlon~ be raisedto thl~method of filllngthe
balanoeoan. Sane of the llghtere- undoubtedlyesoape,but
the loss shouldbe muoh smallerthan that of fuel systemswhloh
use a measurhg burettecontinuouslyopento the atmosphere.
It requireeonlya very slightreduotionin pressureto oause
the fhelto flowrapidly.

This ob~eutionoan be overoomesimplyby allowlngthe fuel
franthe surgetank to seek Its levelin the balanoeoan. Thfs
method is slower;it takesabout1 minutefor 0.10 poud to flow
in this fashion.

It 1s not lmownwhetheralr pressureon the fuel Inoreases
the rate of polymerizationof the fuelto any appreciableextent.
As far as couldbe asoertalned,thie effeotis not serious.

The line leadingto valve J was oomnectedto an air pmp
(an ordinaryautomobiletire pump)thatwas used to forceair
Intothe systemfor the purposeof mal.ntainlnga oonetantfuel
levelIn the surgetapk.

The pressurehead of the fuel Is praotioalQ the samere&md-
less of whetherfuel Is beingdrawnfrcmthe balanoecan or
d~ctly frcmthe fueltank. There is a very slightohange
in pressurewhile fuel is beingweighed,but this ohangeamounts
to onlyaboutone-halfInohof gasollnein 48 Inohesof mercury.

Considerabledifficultywas encounteredin flndlnga three-
way valvethat wouldtie gasolineat the cperatlngpressure
withoutleaking. The difficultywas finallyoverocmeby using
a plug valvehavinga monelmetal coneand neopreneport seats.
The port drtllingsof this valveare shownIn figure3.

It was thoughtthat the neoprenetube connectionsto the
fuel oantightmake the bdanoe too insensitive,but ohecksmade
againstan analyticalbalanceshowedthe sensitivityof the fuel
balanoeto be betterthan 1 part in 2000. The balanoewas made
of aluminum(exoeptfor the knifeedges)to reducethe loadand
inertiaeffectsand was suspendedfrcmoverheadto insulateit
frcmenginevibration. A set of weightscalibratedto read frcm
0.01to 0,2 poundwas feud suftable
all speedsd fuel-airratios. The
balanceweremade of silverand gave

for (2FRengineoperationat
electricalcontaotson the
good service.
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When fuelmesmureunentsweretie, the oan was fiUed t3uffi-
oientlyto keepthe oontaotsopenwhen the weightwas on the pan,
aad the twp-~. swltob..K was plape.dIn poslt$~ 1..When the-,.--,. .... -----
pan desoended,the eleotrloolookami air-metercounterwere
btartedby the relay. The weightwas thenremved frau the pan
and the switohwas plac,edin position2. The relaywas not .

affectedby this ohange. When the klanoe agak deadended,the “
.. clookand counterwereautcmatioallystoppedand the fuelweight,

time,and air-meterrevoluticmswere preciselylmown.

The ah-meter oounterwas conetrr@ed frcman ordlmwy gas- “
meter oounterand a magneticolutohtakerff%om an eleotrioatop
olook..Ths counterwas mountedon the alr meter In plalnvI%.
of the operatorand was drivendheotly fram the air-metershaft.
The rotametereve a god ohemkon varlationeIn flowrate
duringany givenrun, “.

AXTENDIXD

DISCUSSION(lFTEE IGN13!IONDELAY

Method Of Isolatlngthe IgnitionDelay

It has been taoitlyassumedthat the conoeptof delay
providesthe only satlsfactoryexplanationof the experimental
faotthat an inoreasein compressionrate raisesthe maximum
permissiblepessure. It Is not necessarilyobviousthat suoh
Is the ease,howeWr, and henoethe assumptionmust be defInltely
established.

Consider runs. 1 to 7. (See fig.4.) The operatfngfaotors
thatv~led In theserunswere essentiallysyk advanced
ocrupressionratio. SlightvariationsIn Inlet-mlrturepressure

.- ednust pressureoan be Ignoredbeoausethey werenude solely
to keep the wei@t of ~ge per oyolemnatant. The ramainimg
operatIng factors,suchas mtrbureccmposltlon,pistonspeed,.
inlet-mixturetemperature,and lumlditywere mahtalned oonetant
and oan alsobe ignored. The only factorethat oan accountfor
the observedohangesh end-gascmnditio~ are therefoz-e:heat
transfer,flamespeed,and ignitiondelay.

..-— . .. . . . -. .. . . . . . .. . . . . . .
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The observedresults
effeotof heat transfer.
runs, it were foundthat,

might be s~osed to be due to the
Thus if, underthe oondltlonsof these
when more heat was transmittedto the

unbu&ed oharge,the oh&e detonatedat a lowerpressureand.
that thisheat t~fer variedoonslstentlywtth rate of compres-
sion,then an explanationbased on Ignitiondelaywouldbe diffi-
cultto establish. SimWmly, If a consisted correlationoould
be establishedbetweenflamespeedd pezmlssiblepeak pressure,
this correlationmight be givenas an explanationof the observed
faotswithoutany necessityfor assuninga delay. It tightbe
mncluded that the eff~otof delaywas negligible. If it OaIl
.beshown,however,thatheat transferte~ to produoetrends
oppositeto thoseobserved,then it must be ooncludedthat the
observedtrendswouldbe more pronoumwd if the heat transfer
were zero.

The temperatureof the oylinderwallsshouldnot be greatly
abovethe ooolanttemperatureof 672°F absolute. The tempera-
ture of the exhaustvalve oan be estimatedfrommeasurements
made by C. G. Willlams(referenoe18). Thesemeasurementsahuw
that,In very smallenghes, e-ust-valve temperaturesof
120@ F absolute- probablynot exoeeded,but, in the nm@rity
of automobileengines,temperaturesof about1300°to 1375°~
absoluteare readilyattainedand 14750F absolutecan be
reachedat high speeds. If the luu speedof operationIs
mnsldered,the temperatureof the exhaustvalve in the OFR
engineat 800 rp may be estimatedat not more than 1280°1’
absolute. The temperatureof the pistonis undoubtedly
cmnslderablylower.

Considerruns 1 and 6 and let It be assumedthat all ccunbustion-
ohembersurfacesare at an averageuntformtemperatureof 1280°F
absoluteIn both oases. This valueIs an unreasonablyhigh avenge
to assume,but it Is takenbeoauseIt is unfavorableto, and
shpli”fIe.s,the followlng=gument. lhdloatordiagramsfor these

* two runsexe shownIn figure25. The paths of oompresslonfrun
120°B.T.C. to point P, wherethe caupressionlines Interseot,
are approximatelythe same. CalwlatIonsshow that the tempera-
ture of the unburnedohargeof run 1 at P Is 12700F absolute
and 1290°F absolutefor run 6; hence,they =e both equalto
12800F absolutewithinthe lhlts of experimentalprecision.
From thispointto peak pressure,the unburnedc- will be
oooledby the mubustIon-chembersurfaoes.At pressure P=
the
due

unburnedohargeof run 6 will have experlenmd less coollng
to Its shortertime of oontaotwith the surfaoes,- .

—-—-—— ..-. .—
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tlpreforethe oharge.shoulddetonateat a lowerpressurethan
, that of run 1. The truem@mum pemuisslblepressurein run 6,

however,is 108 poumtsper squareinoh (28peroent) highem,~
thiirefore heat th%nefer %etweenthe unlmrnedohwge -M ocmbuetion-
ohqmbersurfaoesdoesnot aooouzrtfor the observed“results.This
pressuredifferenceis evengreaterbetweenruns 1 d 7, but run .“
7 is not used,beoauseundereond~tionsof thts run it wa8 diffi-
cultto obtaingood oyolioreproducibility,

If the effeotof trmsfer of heat,or radiantenergy,from
the burnedto the unburnedohsmgewerepredominant, an effeot
oppositeto that observedwouldbe produoed. In the easeof run 1,
s~k oooureat top oenterand measurementof the dp/dt records
showsthatdetonationoooursat peak Psswre. Henoe it may be
assmed that a flameexistsfrcm sparkto peak pressure;this
intervalooouples320 of orank angle, or 0.0067seoondof the.
In run 6, sparkoooursat 4(P B.T.C., peak pressure wxmrs at
10 BCTCC.,and detonationcooursat 40 B.T.C..;henoe,the
durationof the flameis about370 of orankangle,or 0.0077
seoondof time. In addltbn, averagepressuresfor run 6 e&e
higherduringthe intervalbetweensparkand peakpressure,
arM thus the averageombuetion twnperaturesand the quantity
of energy zadiatedshouldbe greater. Then, in the easeof
rvn 6 the flameis in oontaotwiththe unburned oharge lo~er,
and ener~ is radiatedI&cmthe burnedchargeat a higherrate.
Theseeffeotashouldmuse doto~tion to ooourat a lowerpree-
sure. Again the reverseis obsemed to be true. Henoe in this
work the ocmbinedeffeotof heat tranefer and mdiation - as
regardsthe unburned part of the charge,the burned&, tho
piston,the exhaustvalve,and the cylinierwalls- doesnot
acocuntfor the obeorveddifferencesIn maximumpezmissibJ.e
pressuroof the end gas. ActuallyIf these effeotswere zero,
the maximumpemnissiblepressurefw run 6 wouldbe even
greateras ccmpard with that of run 1.

Perhapsthesedifferenoesin mEuimumpermissibleprmmure
oan be aooountedfor by ohangesin flamespeed. Flamo speedis
affectedby everyoperatingwmiable (referenoas2, 19, 20, and
21). As no reoordsof tho aotualflamespeedsfor the present
testsare available,it will be neoessaryto esthnatethese
speedsfrcunthe Indioatordiagrams. By use of tie sssmuption
that the the required for oombustion is given by the interval
betweentho passageof sparkand the instantof detonation,the
avea’ageflnmespeedswillbe inverse= ~oportional to this
time.
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Again,if the seriesof rune at 800- are mneidered,the
the of burningfor runl is 0.0067Seooniail increasesuniformly
for runs 2, 3, 4, and so forth,untila valueof 0A1077eedaqdiscibtalnsd
for run 6. Let v representthe avemge flamespeedfor dun 6,
then1.2 v .will representthe averageflamespeedfor run 1$ The
maxtin permlesiblepressurefor run 1 is 389 pouxilsper square
inchabsoluteand increasesuniformlyto 497 PO-S per square
inchabsolutefor run 6. Here thereis a consistentcorrelation
betweenthe averageflamespeedsand the maximumpermissible
pressures.Taus, the hypothesismightbe fommlatod that increase
In averageflamespeedcausesa decreasein maximumpermh~
pressure.

These changesIn flamespeedfor rune 1 to 6 were effected
by changesin spswkadvanceand compressionratioonly. If the
relationbetweenflamespeedaml”mexlmumpermissiblepressureis
ger~ml, tt shouldhold re~ess of the procedureusedto vary
the flamespeed. In run 33, for Instance,the time of combustion
is 0.0041secondand the averageflamespeedIs 1.9v. This
increasein averageflamespeed,overthat of run 6, was brought
aboutb~ changingenginespeedand compression.ratioonly. Eere,
however,the increasein flamespeedhas resultedIn an Increase
ln maximumpemlssiiilepressure. This fact contradictsthe
previousgeneralizationon flamespeedsmlmsxlmu mpemissihle
pressured, therefore,changesin flamespeedalone cannot
accountfor the observed results. Thesedata are s~ized
In tablelCtII.

An objectionmight be raisedto this demonstrationon the
~und that,in changhg the enginespeed (pistonspeed)and
caupressionratio,the heat transfereffectswere also changed,
azdthese effectsmay have operatedIna mannerwhichwould
prohibitmy Inferencesbeingkrawnregardlngflameawed
alcne. This Is not the case,however.

The contributionsto tamperatum effectsdue to increase
Inplston speedshouldgtvea resultoppositeto that obsemed
becausethe uriburnedchargein run 33 has only half as much
time to give up heat to the cylinderaurfaceaas that of run 6
d shouldthereforedetonateat a lowerpressure. Aotually,
h run 33, the maximumpezmlsslblepressureis 109 pourdaper
aqwe inchhigher. Also, the timeduringwhich energymay be
radiatedfrcmthe burnedcharge1s onlyhalf as low in the
caaeof run 33, but the averageccdnastion temperaturesae
considerablyhigher. Consequently,the dirferanceIn the
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emountof -iatsd energyin eithercase la probablymall adl
thereforeshouldnot mntributemateriallyto the observed
reaulta.

-. ..-
Anotherob~eotionmightbe malsedon the groundthat runs

1, 6, and 33 a~ently have no ocxmnanbasis of oqison - ...
becausedifferentocmpreseionratiosare used in eachrun. It
shouldbe ramaukred,however,thatthe oomon basis of oaqpari-
son in thiswork Is inolpientdetonatl~ Thus it am be shown
that,in ths caaeof run 6, if the oanpressionratiowere fixed,
an increaseh enginespeed,at oonstantsparkadvance,would
bringrun 6 intoa nondetonatingregion(seefig. 7) and would
thereforeallowa higherpressurefor inoipientdetonation.It
oan also be shownthat a decreasein sparkadvanoeat oonstant
ocmpresslonratioand enginespeedwouldbringrun 6 intoa
regionof heavierdetonationand would require a decreasa in
p’essure for the samelevelof detonatIon. Increasein engine
speedundertheseoonditl- resultsin an increasein flame
speed,and decreasein sparkadvemoecausesa deoreasein flame
speed (referenoe21).

Hence,umdertheseconditlonetherewould be a consistent
correlationbetweenflamespeedad maximumpermissiblepres-
sure : namely, an increase in flame speedwouldald.owan increase
in mEulmumpermissiblepressure. Such a proposition,if estab-
lishedas a generality,wouldbe ~anin@ess for,as soonas
advantagewere takenof the allowablechangeIn pressureby
viiuq * the cunpressionrat10, or inletpressure,the original
contradictoryeffectsof flamespeedwouldbe evidenced.

The variationin residualgas oontentwill havo a snmll
effeoton meximumpermissiblepressure(reference9), but these
effcotsme of the orderof experimentalerrorssinoethe total
weightof char~eper oyolewas maintainedessentiallyconstant~
Therefore,slnoethe obsex.wedeffectsof the presentinvestiga-
tion cannotbe entirelyaooountedfor by suchv=iable factors
as have so ti been recognlmd in thiswork,the existenceof
anothervariablemust he aesmmd to acoomt for them;this
-Iable is the ignitiondelay, In this sermoignitiondelay
my be saidto havebeen Isolated.

It shouldbe emphasizedthat,althou@ the foregoingdtsous-
sionshowsthat the effeotsof heat transferd flamemoticm~
insufficientto explainthe observedchangesin mexi.mumpamis-
slblepressure,the discussionin no way tmpliesthat these

.
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effects do not lnfluenoethe maximumpermissiblepressurein
theirown rl@t. Obviouslythey do, ard the questionmtghtbe
raisedas to how muoh of the total ohangeis due to o-e In
delayalone. This questionhas no meaning,for a mment ls
refleotlonwillmke it o.lesrthat the delay is a funotionof
the path of ocmrpresslonand this path Is a functionof heat
transferami fhme speedas well as everyother operating
vuiable; therefore,a ohangeIn delayImpllesa changeh
one or more of thesevewiablesand them is no suoh thingas
k changeIn delayalone.

Theorycf ChainReactionsas F@lanatlon of IgnttlonDel~

The @ encmenonof delay is probablybest explainedby the
theoryof ohalnreaotionswhich,In brief,specifiesthat
spontaneousIgaltIon dependson two generaltypesof reaction:
ohain-b~ohlng reaotlonconduciveto explosionand its nega-
tive,ohaln-breakingreaction. The ratescf thesereaotlons
are assmed equalpriorto explosion, but, if the phyoioal
conditIonsfavorableto explosionare a~nted, the chain-
bmnohlng reaotlonsgati the asoetiency,becomeself-accelerating,
and proced violentlyforward(referenoe22).

If PI representsthe,minima self-Ignitionpressure,then
the ratesof the Ohain-branohihgand chain-break@qreaotions
are equalup to point A. (Seefig. 8.) At point A the chain-
bmnching reaotlonsgain the mmendancy and continueto accelerate
at en e’ver-lnoreas@ rate untilat point B the rata becomes
enormoue;this
explosion.

Littleor
points A and
Tizardand Pye

highlyacceleratedroactlonis recogr~zodm the

no evidenceof the eventsoccurringbetween
B has been ottained. In the oxperhuentsof
(referenoeS) the only externalmanifestation

was a sllghtdrop in presswe, wMoh was attributedto ooollng
due to heat lost to tho surrows. But the theoryof ohain
reactionsIS prcmlalng,EUMIit iS worth while to use it tieely
eventhoughit may requirelatermodifioation.

Sinceun exploeionIs merelya matterof rate, it might
be asked,in the lightof the preced@ di~cueslcn,w;hatwas
meantby the cmpmmsion “instantof explosion”used In tho
definitionsof apparentand totaldelay. Thus it might be
assumedthat,slnoethe ohati-branohlngreaotionshad gained
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the aecen&inoy at At this Instantrepresentedthe be@mlng
of the explosion.This w of looklngat the prooessis rather
Unnatti; the expresslm “Instantof explosion”will thdrefore
be.taken to mean the lnetantwhen the rato of pressurerise--- ,..-.
beccmessubstant~ Umte.

It ml@t be pointedout that,withrespectto the ohaln-
reaotionhypothe61e,thereIs verylittlef~ntsl dlffer-
enoe betweenthe prooesses.of normalburningand detonationIn
an engineoylinder. lk normal.burningthe moleculesme first
energizedby the eleotrloaperk. The~ then beocuueener~-rioh
moleoulesor ohalnoarriersand pof3f3essthe propertyof enSr@zing
othermoleouleawithtilohthey ocxnein oontaot,to the extent
that any terxlenoyfor “ohain-breakingreaotloneto slowdown the
prooessIs oyemihelmed.The ohemloalocmiblnatlon,or “burning,”
takesplaoeraptdlybut only In the flamefrontwhoreenergy-rich
moleculesexistin abuziiance.-ad of the flamefrontthe tem-
peratureand pressureof the unburned~ is rapidlyrlslngand,
as a result,energy-rlohmoleaulesUe being formedat many
points, But chain-breakii~or “polsonlng”moleculesare also
beingformedaheadof the flamefront,and theseterdto retard
the accumulationof energy-richmoleoules. At a sufflciontly
high pressureand temperaturethe rate of fonuatlonof euorgy-
richmoleculesIn the unburnedpart bemmes so greatthatthe
ohaln-branchingreactionsruoh to cmupletlonanl tho OhargeIs
eaidto detonate. ThIa prooossis essentiallyth~ sumeas the
processthat takesplaoein the flameWont, but there it is
limitedto a thin surfacecf reaotion;whereas,when the unburned
- of the olumgedetonates,the reactiontakesplaoothroughout
the entirevolume. Tho violenceof’detonationis d~ not onlyto
the rapidityof the reaotionbut also to the M@ densityof the
unburnedchwrge. This densitymay be six t-s that of the ohmge
when sparkignitIon oocurs,and henoethe chemioalenergyllberatod
wouldbe SIX timesthat of an equalvolumeburnednormallyIn the
e~ly stagesof ocmbuetion. That a suddenreleaseof enargy In
the end zone is responsible for high-fmquencypressurewaves In
the ccnnbuetlonabemberand the charaoterlstiopinkingsoundof
dotonation has been olearlydmonetratedby Draperd Morse
(referenoe23).

The experimentalf@t thatapparentdelayvarieswith pres-
srrehas beenmentioned. It was statedas an experimentalfaot
that the apparentdelaycouldbe shortenedfrmn t~ to ta
(fig.9), dependingon whetherthe cunpressionwas.dlsoontlnued
at PI or P=. Aoobkdingto the ohain-reactiontheorythe reason

— .—
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for the v=latton of apparentdelaywith pressure,Is presumably,
that the chain-branchingreactions-e givena greater aocelera-
tlon in the time Interval ta whenthe averagepessure is
P +P*

thanthey are givenin the same intervalwhen the average
2

pressureis PI,

The tmm “qparentdelay” can be extremely ambiguous,even
at a definitepressure. Thus,In figure26, If the mixtureis
ccmpresaedfrau zeroto Pa alongpath 1 and explodesat point
c, the apparentdelaykdll.be tl. If the mld.ureIs compressed
alo~ path 2, the apparentdelaytill he increasedto ta, since
~essures end temperaturesa= lowerat any instantalongpath 2
between A and B. But theremay also be acme path 3 between
zeroanl Pa alongwhichthe apparentdex wLI1 be zero.

These considerationslead to the following:

1. When cmpressod to a givenpressure,a canbustlblemix-
ture can have an infinitenumberof valussof appsrentdelay,
dependingon the prosmre-timepath.

2. Differentvaluesof apparentdelaymay be obtainedwhen
ccxnpresslonproceedsto a givenpressureeven thoughthe time of
compressionis the seinein everycase,

3. Althoughpressuresalongone pressure-thepath are
alwaysequaltc or hi@mr thanpressuresalonganotherputh,the
apparentdelayof the firstpathmay be greaterthan or less than
that Or the secotiFath.

It is also appa=nt fimm f+tgure26 that the firsttwo of
theseresultsapplyto tcrmldelay,but the thirdrmdt does
not. For the case of totaldelayit can be statedthab:

4. If pressuresalon~one path are alwaysequalto or higher
than pressuresalongenothr path,the total.delay of the first
path will be less than that cf the second.

This statamentIs the converseof the principledemonstrated
experimentallyin this ~poi~.

If ths cmupressionpathscross,it is pos~ibleto have various
ignitionpressuresfor a givenvalueof totaldelay.
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?k f@re 27 it will be observed that, for a given value
t of total de*, iguition pressures - Pa, P3, or PA * mi@t
ha obtaineddepemlingon whether the oqsdion p&th Is QAB,
Q&c, or .OAD. A t3~-demonstration can“begivento showthat
- the o-salon paths Orotls,variousignitionpressuresOan
be obtainedfor a givenvalueof a~ent delay.

1% wouldbe oonveniem @ have a definitionof delaywhioh
wouldminimizethe influenoeof the oompressionpath in order
that, when the pressurew given,the delaywouldbe lmown. ~
the oanpreeaion is instantaneous,delay will be a propertyof the
explosivemixlnumdefinedby the pressureand willnot depend
upon pasthistory. Let this propertybe oalledabsolutedelay
ad definedas the time internalbetweenthe instantof ocmpres-
sionand the instantof explo6ion, providedthe gas is instau-
-Ously Ocmtpreaaed.

In figure 28, if the gas la ownpressedinstantaneouslyto
PI tiO~ ~th OAl, the absolutedelaywill be the interval
AIBI, and, as the ocmpreoaionla oontinwd alongthe samepath
to Pa, P~, and so forth,definitevaluesof absolutedelay

‘n% ‘2 ti d so farth,will be associatedwith eaohpeasure.

In dealing with the relationbetweenflamespeedti delay
in an engineoylider, it is convenientto introduoethe term
~lm6~ti delay#“ definedas the valuethe apparentdelaywould
have at a givenpresslmeif the compressionwere discontinued
at thatpressure. The relationbetweenflamespeedand residual
delaymust be scmewhatas representedin figures29 and 30. In
-e 29 the residti delayhas diminishedto zerobef’orethe
entireohargehas been oonsmed in the normalprooessof combus-
tion,and detonationensws; whereas,In figuro30 the residual
del.Ewhas not remhed zerowhen the normalflemwoompletesits
passaged no detomtion takes~oe. Furtheramplifioation
of thispuvoessawaitsthe determinationad oorrelation of
flamespeedsand delayperiodsunderaotual.engineconditions.
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APPEWDIXE

SmGmTIollI’m EmHANGEal?nmoIwI’roNnATA

One of the greatdifficultiesh detonationresearohIs the
iack of an absolutebasis for the comparisonof data. If the
stateet’the oluge at a definitecrankanglead the indicator
dla~mm were given,ratlcnalcmparisms couldbe made. But
such faotorsas compressionratio,sparkadvance,Inlettempera-
ture,boostpress-’re,and UO forth=e superficialyardsticks,
and It is seldom,If ever,that the work of two erper~nters
oan be cmpared, exceptin vagueterms,on the basis of these
quantities.

A particularinstanceillustratingthe practioeof investi-
gatorsto expressdetonationdata In termsof externaloperating
variablesis to be foundin the-workof Barnard(referenoe14)
on the detonatingtefienclesof varioushydrocarbons.The results
of thesetestsare shownIn figures31 ad 32, whichare reproduced
fromreferenoe14. Notilcethatan increaseIn enginespeedat
contitantJacketand alr temperaturecallsfor a lower critical
ccnupressionratioin the caseof triptansand dl-isobutylene
(fig.31) and ethylbenzeno(fig.32). AU the other fuelsshow
an.increasein criticalcompressionratiowith enginespeed. But
it ml be observedthat,for all thesefuels,Increaseti Inlet
ti Jackettemperaturerequiresa decreasein criticalccupression
ratio. This factmightbe takenas evidencethat temperaturewas
the.most hportant singlefactorcausingdetonationin thesetests.
As hao beendemonstrated,however,no conclusionsof this nature
can possiblybe drawnfrom curvessuchas those of figures31 smd
32 becausethe pressure-temperature-timehistoryof tineunburned
chargeis unknownanl cannotpossiblybe determinedfrom these
data.

The standardtest conditionsusedto rate thesefuels,more-
over,were so Inadvertentlychosenthatthey gave anomalous
results. Best powersparkadvancewas used,the deterninatlon
of whichrequiresthe locationof themimum pointon a curve
with a broadpeak,and the procedure1s there:oresub@t to
ccmslderablc.error. SincedetonationIs very sensitiveto small
changesin sparkadvance,{t Is quitepossiblethat errorsfrm
this sourceare in part responsiblefor the ananlous behavior
of certainof thesefuele.
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The curves oi’ figure$3, also reproduce& frcmreference14,
show that changesin enginespeedwill give resultewhichcan be
onlyvaguelyinterpreted, Notloethatthe Imiloatedmean effective
preaaureis, in general,higherat 2@O0.rgn than at 600.~ for a
given oanpression ratio. This highervalue Itiiwtee thatthe air
oonsumptIonper cyOISwas higherat the higherenginespeed. As
a reeultof this faotalone,peak preesureswouldhe higherat
2000rpu than at 600 rp for a givencapresalonratio. & par-
tloular,the Indicated-mean-effectIve-pressureourveashowthat,
at a oompresalonratioof about4, the changein Indicatedmean
effectIvepressure(orpoundeof alr @r oyole) with enginespeed
is small,but, as the compressionratiois inoreaeed,the change
rapidlybeoauessignificant.

Apparentlythen,criticalo~easlon ratiosdetetined
undertheseconditionsmy givea fairestimateof the effect
of enginespeedon detonationfor fuele tith low orltlcsJ.ccqres-
slonratios(4 or 5), but, for fuelswith high criticalocmpresslon
ratios(10to 14),the methodIs misleading. Ileoaueethe oritical
ocmpresslonratiosfor triptane,ethylbenzene,afi dlisohutylene
are all hl~ (above11 at 600 rpn),considerable-doubtis easton
the resultsfor theseparticularfuels.

Such datamay servea usefulpurposein Indicatingthe por-
formanoeof variousfuelsunderpracticaloperatingcondit~ons,
but, as far as basicreseerchon detonationis concerned,thy
are of littlevalue. It wouldbe of Interestto studythesefuels
by the methodsuggestedin the teXt,that is, by a studyof their
dP/dtrecords.

AnotherInetnnceo: a researchwhichdoes not allowany
fundamentalinterpretationis that ccnductedby Lee (reference24)
on the effeotof enginespeedand mixturetemperatureon detona-
tion. Lee attribatsdthe observedohengein detonationIntensity
with enginespeedto the changeIn volmuctricefflclenoy;however,
_ otherfadmrs thatwerenot aocountedfor oontrlbutedto the
change.
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I

TA~E II

SIGNIFICANT DATA PWRTAIIJINGTO ‘lWEUNBURNED CRARGE FOR RUNS AT INLET-MIXRJRETEMPERAWREOF 120°F

Run Coy;s. S:p&rkweightof
mixture

r~tlo vance~r c~cla
(deg)(lb)

I I 1

Weight of Weight of Percen- Locatlon Charge Te!npera- Maximum Xaxlmm
residual charge tage of of Volum at ture of perm~8elbletempera-
~r cyclepercycleren~dualpointO pointO chargeat
(lb) (lb)

pressureof tureof
byweight(“B.T.C.) (Cu ft) point O end gas, P. end gas,

(°F ~M.) ‘-2 ‘T;
(lb/8q in. aba.) ~oF *b’*)

Engine 8peed, 800 rpm

: $7J 8
~ ~:j $::

0 o:;;mg~4 0.00004480.0010
.0000506.0010 O::%;!!:~~ ~

1
.00101

% .000998:%%% :%ZZ ;:$
.00101

k6;;

4

.0082 1110
k3~ $g g .000yj8

.0000662.00108 6.1 .00821 1080

.0000618.00106
::

4.0
7 7:71 48 .00103 i

.00811 1085
$?i●OOO05L4.00108 53.2 .00833 1095

Enginespeed,1600rpm

8.9
k

&

6:67
7.01
7.78- L

0.00100
.00100
.000996
.Or.ol
.00100
.000998
.00101

k0.00004080.0010 3.9
.0000528.0010 5.0
.0000600.00106 5.7
.0QO0671.00107 6.2
.0000673.0010

i
6.3

k
.000061 .0010 6.0
.000057 .00107 5.5

53.
1?

0.0088

i
o. J.0002

.00822
$5 .0083

.00833
~;:: .00834
. .00830

;;;;

1100
1100
1110
1115
1100

neximm
relative
density

of
ersi gaa,
p3/T3

Total
delay

measured
from A

(f~::c;l)

I

‘g r0JX1425mg$

.00330

.00500
.278 .00255
.3x6 .002i5

i?
89 1680

5EI ?#
1 50
10

555
571 ;87;
606

?
100

63Li 1 95

Engine zpeed, &OO rpm

56 9:;6 20 0.00101 0.00005830.00106 ~.: 52.g 0.00811 1085 516

$8 !.1! $ :%$;8 :%%:! :%% 7:3 ~9:6 :%%’ ::;:
i
1 95 0.288 I0.00242
1 15 .298

g
.00172

f459
1805 .316 .0019

“j.70 50 .000997.000075 .00107 7.1 51.2 .00800 1060 1830 J
“3’LLX?X.L

aIt is believed that detonation occurred slightly before peak pressure In these runs, but the dp/dt records were foggedand ‘A*
instant of detonation could notbe detemined accurately.

I

In
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TAHX III

TIMPERATOREOF TSB OUKIRNEOCHAROE AT VARIOUS CRAMS AMOLE2 FOR RUW 27
[FirinErun; high-speedC F R engine; e ine speed. 1600rFQ; comproasion ratio, 8.94;
●perk ●dvsnee, -5°; fuel-air ratio, o.o7%; inlet-adxturetemperature,120° F; r.siduel
oontent, 4.6peroont;clomrane.avolume,0.00272cu ft; barometer, 14.7lb/~q~n.(tie):

itiicator•~ring~:ho~vy,150lb;ll~t,5lb;coolanttemper~turo,212°P]

92

100
133

g

10
~

-20
Pamk

19.5
g:;

l#:;
19:0
120.5

26
,?,

C lindor Weight Of specific
I

Indicatid Adiabetic
Vo -, v= c-r e
(Cu ft.) (!bf w :+yt~;j , t!%’y;

tempera-
ture, ?=2

I
,.

“ -I(%?atls., ](wabs.)

0.016 8
3.012 3

.00903

.00575

.00351

.00292

.00277

15.8
12.23 I

8.61

Rg

2. I---------- . . . . . . . . . . . . . . . ---- ---------
---------- --------- ---------- ---------
. --------- --------- ---------- ---- .----

8
?

0?i25
$$

----------
----------
----------

Tame Iv

-ERAIURE OF TRE UNSURNEDCRAROE AT VARI(XS CIUNK ANOLES FOR RUM 73

[Nomfirin.g m, fuel-air mlxtwre; high-speedC F R engine; engine spaed,1600r~ji
ccmpresaionratio, 6.79;fuel-airratio, 0,079 ; inlet-mixturetemperature,117

zclearmco volume, 0.00373cu ft; tmrometer,llL.lb~~ (trim);indicatorspring, 9) b;
coolant temperature,212 Fl

crank Prosmxre, Pxl Cylinder Weight Of specific Indloatid Adiabatio Adiabetlc
Snglo, e volume, Vx c~g. * w Vollme of tempcra- t4mpere- temp.ra.

(OB.T.C.) (lb/aqin.sbs.) (Cu rt) (lb) cherge,V ture, T= ture, Tx
1

turo, T=,
2

‘Cu ‘t’lb) (°F a~SO) (°F abs.) (OF abc.;

100 18.6
80

lm;g 0.:01,0
.?

13. 3 717
2 .6
i ::;:;~ :%$: %J x$! %

j# 7

8
3 .6
66.1 1o11 1022

20 110.6 .00452 .00130 3.48 J;;
IJ?

115 1182
10

i.ig:i
.00393 .00130 12

0 .00373 .00130 2:$ 1191 1245 %L

TAELE V

mmwm Am PRESSUREOF mrs utnws~ CRAROE AI VARIOUS cwai ANGLES mR RUN 76

[Nonfiringrun, fuel-airmixture;high-speedC F R engine; engine speed, 1600rgm;
compreaoionratio, 6.79;fuel-alrratio, O .0796; inlet-mixt~e temperate. 123 F;
clearance volume, 0.00373 cu ft; barometer,14.8ltiq ~. (t~); Indicat= mr%t Z lb;

coolant temperature.212° FJ

Crank Pressure,P
%

Cylinder Weight of specific IndicatedAdiabaticAdiabstic
angle, O

AdiabCtio
~ol-, Vx charge,w VcllmlcCf tempera- tempera- tempcra- preesure,P=

(OB.T.C.) (lb/sq in.eb&) (Cu ft)
charge,V ture, T ture,T ture, T

(lb) (CU ft/lb) k X2 %
3

values computedfrom 40° B.T.C.

g 67.8 .0C676 .001295 8
.00452

1010
::;~:;~ q5 ;% ~

1010
113. 11 7 1166

10 lJ&j
:%% .001295 2.8

12 5 :$:;
o 1201 1237 :$8 .

.
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TABIJt VI.- =2RATUR2 OF END GAS CONPUT2DFROM VARIOUB POIN= ON = COm~SIo~ S~=

FOR RUN 5 OF ~EWCII 9

[F1,lwmm; low-speedC F R ●ngino; en ine speed, 12OO r-; compressionratio, 6.88;
~spark advanoe, 300; fuel-airratio, 0.0 12; inlet-mixturetemperature,200° F; remi-

dueloontant,5.6 peroent; clearancevolume, 0.00369 cu ft; barometer,4.9 lb/e~ in.
(trua);indiostorsprings: heavy, 150 lb; Ii#it,5 lb; ooolant teqrat!we, 211 F]

Crank
‘Oss-O’ ‘xl

Cylinder Weight of Speclfia IndioatedNaxlmum
angle, O Yolusm, Vx charge,w Volw 0s tempava-end-gbs
(oB.T.c. ) (lb/eq in. abe.: (Cu ft) (lb) otige, V ture, Txl ~~r;-.

‘Cu lt’lb) (°F abm. ) (OF *be2

46 $:~5 0.02382
::7~ ‘::%:$ :;:;!

865
100

;g~~
30 98.8 13: 1924

TABIJ VII.- TEMPNRA~ OF END GAS COHPU~ FROM VARIOUS POINTN ON THE COMPRESSION STROWN

FOR RUN 37 OF REFERENCE9

[Firingrun;l.w-o~aedC F R engine; engine speed, 120C rpa; compressionratio, 7.51;
repark●dvance, ~0 ; fuel-airratio, 0.0785; inlet-mixturetemperature,120° F; resi-
dual aontent, 5 percent; clearancevolume, 0.003325cu ft; hrometer, 4.85 N@ in.
(true); indicator aprlngs: heavy, 150 lb; light, 5 lb; coolant temperature, 211 F]

Crenk Preseure,P Cylinder Weight of Specific Indic8ted Maxl.m-
angle, 9 xl Vol!mie,v charge,w Vollaccof tempera-end-gme
(“B.T.C.) (lb/aqin.abe.) (Cu ft) (lb) charge, V ture, T tempere-

(Cu ft/lb) ‘1 tore, T
(°F abs.) (or *b*:

p$ 4.85 0S&$; O:g;:; 1 .06

!

803
22. 5

t
885

1888
1 .97

30
188

109. .005075 .0C123 .125 J2P0 1888

TASL2 VII I: TEMPERATUREOF END GAS COMPUTED FROM VARIOUS POINTS ON THE COMPRESSIONSTROKE

FOR RUN 51 OF REFERSNCE9

[Firingrun; Uw-.geod C F R engine; engine speed, 1200 rpm; compreselon ratio, 7.70;
npark advance, 30 ; fuel-air patio, 0.0782;inlet-mixture temperature, 80C F; resi.
dual content,4.9 percent; clearance volume, 0.005232 cu ft; barometer, 14.8lb\9qin.
(tIWe); lndlcator springs: heavy, 153 lb; light, 5 lb; coolant temperature, 211° F]

Crank Pressure, Px
angle e

Cylinder Weight of speciric
1 ~~l~m.e, v%

Indlca ted Maximum

(OB. T. C.) (lb/eql.n.abs.) (Cu ft)
~ha~~biw :;;;:,0; &mn~- enn$:-

(CU ft/lb) 1 ture, T%
(°F @be.)

(°F abs.)

$; 14.8 0.02336 0.001268

::;g~ “::;;;: :;:g 8J?
1867

30 1%:2
1859

. . 1276 1893

TABLE IX.-T2NPERATUREAND PRESSUREOF THE UNISJRNEUCHARGE AT VARIOUS CRANK NQLEs FoR R~ 77a

[Nmfirinf run, dry air only; high-speed C. F.R. en lge: engine SSJ 1600 rpm;
$compreea on ratio, 6.79; inlet-airtemperate. 1 6 F; clearancevolume,

0.00373cu ft; barometer,14.8lb/eqin. (trw)~ indicator~Pr@~ 50 lb;
coolant temperature,212 F]

Crank Pressure, P
mlglo, e xl

C llnder weight of Swolflc
T

Indlcated Adlabstic Adlabatlo Adiabatic
Vo Ume, v% oharge,w Vol- of temperm- tempera- tempere- praesure,P%

(“B.T.C.) (lb/eq In.●ba.) (Cu ft) (lb)
charge, V ture , Txl ture,TX2 ture, T% 3
(CU ft/lb) 3

(°F abs.) (°F abs.) (°F aba.) (lb/sqin. abs.

100 20.3
80

o:g+;~~ 0.;0125
. 012; +j it; 6$ i;;

20.3

~a:~ $$:
g

!
:%%% “%:55 .~

92;

12 :3 .001+52 :00125 ;. ; 1233 % % 131.“$
lC

?
1 2.3 .00393 .00125 ;:$: f293

:;!? i;a;
158.7

0 1 2.3 .00373 .00125 , 310 171.7
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Figure l.- Apparatus used in tests.

time ~R

Figure 12. - Specimen ~ record for moderate detonation.
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Figure 7- Effect of spark advance and engine speed on maxim
permissible compression ratio. C.I?.R.engine; inlet

mixture temperature, 120°F; ,fuel 78.9 octane. l?umbers on

points correspond to runs listed in table 1.
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Fiw.ro8.- Prossuro-time curve for -id.n comprosslon of
fuel-air mixturo showing apparent delay.
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Figure 9. - Pressure-timecurves for sudden compression
of fuel-air mixture showirighow delay varies
with prwssure.
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Figurm 10. - Effect of change in total delay on thw self-
Ignition pressure of a combustiblemixture
when compressed continuouslyalong two paths
which do not cross above P1.
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Pressure-time indicator diagrams for runs at constant
incipient detonation. Only the lines of rising
pressure are shown. Numbers on curves correspond to
runs listed in table I. Maximum permissiblepressure
is indicatedby crosses in runs 6, 7, and 34.
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E!.T,C. Crank angle, deg A. T,C.

Figure 17. - Temperature and pressure of the un-
buTTied charge at various crank angles, computed
from 100°B.T,C., run 76. See table V.
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Figure 19.- Temperatureand pressure of the un-
burned charge at various crank angles, run 7’7a.
See table IX.

B.T.C. Crank angle, deg A.T.C.,
Figure 18.- Temperatureand pressureof
the unburned charge at various crank angles,
computed from 40°B.T.C., run 76. See table V.
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Figure 21.- Effect of clearance-volumeerrore on maximum values of indicatedand
adiabatictemperatures,run 77a.
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Figure 22.- Temperatureand pressure of the un-
burned charge at various crank angles, run 78.1
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Comparisonof indicatordiagrsmsfor runs 1 and 6. Maximum permissiblepressure
is indicatedby a cross in run 6. .
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Fig. 31

SPEED 600 R.PM. 600 R,P.M. 2$)00 R.P.M. 2,000 RPM.

JACKET 212 DEG. F. 350 DEG.F. 212 DEG.F. 350 DEG.F

AIR 100 DEG.F. 150 DEG. F 100 DEG.F. 150 DEG.F.
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Fig. 31.-Variation in critical compression ratio of six fuels—
for four standard test conditions (reference14 ).
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Fig. 32
SPEED 600 R.F?M. 600 R.PIM. 2,000 R.PM 2tO00 R.l?M.

JACKET 212 DCG.F. 350 DEG,F. 212 DEG.F. 350 DEG.F.

AIR loO DEG.F. 150 DEG. F. 100 DEG .F. 150 DEG. F,.,
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BENZ EN
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ML. LEAD TETRAETHYL PER GALLON

Fig. 32.-Variation in critical compression ratio for four

.

standard test conditions,- for ethyl benzene, ethyl
cyclohexane, and iso-octane (2, 3, 4.-trimethylpentane)
(reference 14 ).
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N&2A Fig. 33

0 600 rpm, 212 ‘F jacket, 100 ‘1?air
A 600 rpm, 350 ‘F jacket, 150 ‘F air
-k2,000 rpm, 212 ‘F jacket, 100 ~air

❑ 2,000 rpm, 350 ‘F jacket, i50 1?air
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Figure 33.- Indicated mean effective pressure
VS; compression ratio for four

standai-dconditions (reference14).
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